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Abstract
C–A–S–H is short for CaO−Al2O3−SiO2−H2O and is the main phase which forms in blends of
ordinary Portland cement (OPC) with supplementary cementitious materials (SCMs). C–A–S–H
forms at least half the volume of a fully hydrated cement paste and contributes to the cohesion
of the material. SCMs are added to reduce the amount of clinker in a given mix − clinker being
cement before it is ground into a fine powder and mixed with gypsum and fine limestone− and
is an efficient way to reduce CO2 emissions associated with the decarbonation of limestone
used to fabricate the clinker.
C–A–S–H has a variable composition, indicated by hyphens, which depends on the formula-
tion of the mix. In pure cement the composition of the C–A–S–H is Ca:Si ≈ 1.75 but is lower in
presence of SCMs. C–A–S–H exists with two main morphologies: fibrils and foils. Both were
observed in different mixes but no study has focused on linking them to the observed compo-
sition of C–A–S–H in realistic systems. Also, Portlandite (Ca(OH)2) forms in pure cements but
can be consumed by the reaction of SCMs. The link between the composition of C–A–S–H, its
morphology and the consumption of Portlandite is of particular interest when using predictive
tools such as thermodynamic modelling which allow simulation of the reaction of different
mixes without the need for numerous experiments to predict the performance.
The aim of the thesis was the study of the composition and morphology of C–A–S–H in blended
cement pastes. In order to study the effect of the presence of Portlandite, two sets of samples
with a low water:binder ratio (similar to what is done in practice) were considered. Matured
systems hydrated five years still contained Portlandite were characterised by SEM-EDS and
STEM-EDS. New samples of cement or alite (used as a model cement) blended with reactive
materials (either silica fume or metakaolin) were prepared in different conditions and also
characterised using the same techniques.
The main outcomes from the thesis are that in realistic systems there is a strong link between
the change in amount of Portlandite and the Ca/Si ratio of C–A–S–H and the idea that even in
pastes it is mostly the pore solution which appears to dictate the formation of solid phases.
When Portlandite is no longer present, the composition and morphology compare well to what
is observed in the different conditions of synthetic preparations. Overall, the composition of
C–A–S–H in blended cement pastes ranges Ca/Si ≈ 0.80-1.90 and Al/Si ≈ 0.00-0.30.
Keywords: C–S–H, C–A–S–H, blended cements, microstructure, composition, morphology
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Résumé
Le C–A–S–H est une notation condensée de CaO−Al2O3−SiO2−H2O et constitue la phase
hydratée principale qui se forme dans les mélanges de ciment Portland ordinaire (OPC) avec
des additions minérales reactives (SCMs en anglais). Dans une pâte de ciment complètement
réagie, le C–A–S–H remplit plus de la moitié du volume et contribue à la cohésion du matériau.
Les SCMs sont ajoutées pour remplacer une fraction du clinker dans un mélange donné − le
clinker étant le ciment brut avant broyage et mélange avec du gypse et du calcaire finement
broyé − et est une solution efficace pour diminuer la quantité d’émissions de CO2 associées à
la décarbonatation de la roche calcaire utilisée pour fabriquer le clinker.
Le C–A–S–H a une composition variable, indiquée par l’utilisation de traits d’union, qui dé-
pend de la formulation du mélange. Dans le ciment pur la composition du C–A–S–H est
Ca/Si ≈ 1.75 mais est abaissé en présence de SCMs. Le C–A–S–H existe principalement avec
deux morphologies : les fibrilles et les rubans. Les deux sont observés dans différents mélanges
mais aucune étude précise n’a eu comme but de les lier à la composition du C–A–S–H me-
surée dans des systèmes réalistes. Aussi, la Portlandite (Ca(OH)2) précipite dans les ciments
purs mais peut être consommée par réaction avec les SCMs. Le lien entre la composition du
C–A–S–H, sa morphologie et la consommation de la Portlandite est d’un grand intérêt pour
une meilleure utilisation d’outils dit “prédictifs” tels que la modélisation thermodynamique
qui permet de simuler la réaction de différents mélanges sans avoir à recourir à de nombreuses
expériences pour en prédire les performances.
Le but de cette thèse de doctorat a été l’étude de la composition et la morphologie du C–A–S–H
dans des pâtes de ciment mélangé. Afin d’étudier l’effet de la présence de la Portlandite sur ces
caractéristiques, deux séries d’échantillons ont été étudiées. Il y a eu une série d’échantillons
dits “matures” qui ont réagi pendant plusieurs années et qui contenaient toujours de la Port-
landite. Ils ont été charactérisés par microscopie électronique à balayage et à transmission. De
nouveaux échantillons de ciment ou d’alite (utilisée comme “ciment modèle”) mélangés avec
des matériaux réactifs (fumée de silice ou métakaolin) ont été préparés dans des conditions
différentes et charactérisées avec les mêmes outils.
Les résultats principaux de cette thèse sont que dans les systèmes réalistes il y a un lien étroit
entre le changement de quantité de Portlandite et le rapport Ca/Si du C–A–S–H et l’idée que
la solution de pores semble avoir le rôle dominant dans la formation des phases solides.
Quand la Portlandite n’est plus présente, la composition et la morphologie du C–A–S–H sont
comparables à ce qui est observé dans les conditions très différentes des préparations dites
vii
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synthétiques. Globalement, la composition du C–A–S–H dans les pâtes de ciment mélangé
couvre un domaine de Ca/Si ≈ 0.80-1.90 et de Al/Si ≈ 0.00-0.30.
Mots clés : C–S–H, C–A–S–H, ciments mélangés, microstructure, composition, morphologie
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Glossary
The chemistry of cement is discussed using the following notation for oxides (Table 1).
Table 1: Cement notation for oxides
Cement notation C S A $ C H
Oxide CaO SiO2 Al2O3 SO3 CO3 H2O
Table 2: Acronyms
Acronyms Description
OPC Ordinary Portland cement
SCM Supplementary cementitious material
SF Silica fume
MK Metakaolin
FA Fly ash
Q Quartz
Ip Inner product C–S–H or C–A–S–H
Op Outer product C–S–H or C–A–S–H
MCL Mean chain length (C–S–H or C–A–S–H)
SEM Scanning electron microscopy
SE Secondary electron
BSE Backscattered electron
BF Bright field
HAADF High angle annular dark field
TEM Transmission electron microscopy
STEM Scanning TEM
EDS or EDX Energy-dispersive X-ray spectrometry
XRD X-ray diffraction
TGA Thermogravimetric analysis
XRF X-ray fluorescence
27Al or 29Si MAS NMR Magic angle spinning nuclear magnetic resonance
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1 Introduction
Concrete is the most important building material. It is composed of cement and aggregates
which are mixed together with water to form a highly durable material. It has many advantages
over most other materials available. The raw materials (limestone, clays and aggregates) are
widely available and contribute to its low price. The process of firing limestone and clays to cre-
ate cement clinker is relatively straightforward and optimised in modern plants, which makes
the process energy-efficient and also contributes to the low price of cement and concrete.
Clinker is the raw material before it is ground and mixed with gypsum and fine limestone to
form the raw cement. Cement also has the advantage that there are well documented norms
to control the quality of any given mix. However, there is the inevitable decarbonation of
limestone which causes CO2 to be released. Because of the high volumes of concrete produced
each year, worldwide production already accounts for five percent of global CO2 emissions [1],
sixty percent of which are caused by the decarbonation of the limestone [2].
Ordinary Portland cements (OPC) hydrate to form a phase assemblage which is always
composed mainly of calcium silicate hydrates (C–S–H or CaO−SiO2−H2O) and Portlandite
(Ca(OH)2). The hyphens indicate that a range of stoichiometries for C–S–H are possible. Other
sulfo-aluminate and carbo-aluminate phases contribute to the properties of concrete but
constitute a minority of the volume of products in a completely reacted OPC.
One way to reduce the CO2 emissions, costs and make better use of often locally available
materials is to replace part of the cement with supplementary cementitious materials (SCMs).
Cements blended with SCMs therefore offer many advantages but are richer in silica and
alumina compared to OPC. SCMs change the final composition and morphology of the C–S–H
phase which can include more silica and alumina to form C–A–S–H (calcium silicate hydrate
with alumina). It is not known to what extent C–A–S–H in realistic cement pastes can vary in
composition. These changes are important because they change the final amount of CH and
other sulfo-aluminate and carbo-aluminate phases. These changes can impact the properties
on a macroscopic scale and change the long-term durability. With many possible combinations
of cement and SCMs, it becomes interesting to be able to predict these changes for any given
mix.
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A successful approach to predicting the phase assemblage in cementitious systems is through
the use of thermodynamic modelling. Thermodynamic modelling relies on the existence of
a database of the chemical reactions and their solubility data (e.g. “cemdata07” [3]), mod-
els for the solid solutions − especially for the C–S–H phase − and assumes all species have
reacted to reach equilibrium. This often implies dilute conditions for reaction. Once these
conditions are met, simulated reactions of cement and SCM(s) are compared to experiments.
This works quite well for simple systems such as OPC at different temperatures [3], modelling
the hydration of pure cement [4] and simple blends [5]. However the model for C–S–H did not
previously include the possible incorporation of alumina to form C–A–S–H (calcium silicate
hydrate containing alumina) and considered a simple solid-solution of two varieties of C–S–H.
Creating a sound model for C–A–S–H for thermodynamic modelling is an essential step to-
wards a “thermo-poro-mechanical” model for cement and concrete [6] which could link the
microstructure to the performance of any given material.
Considering the Al2O3 incorporation in C–A–S–H has become important because up to half
of the alumina from blended cements can be incorporated in C–A–S–H and can theoretically
replace up to 25% (atomic) of SiO2 in its structure, instead of ≈ 5% in OPC (Al:Si ≈ 0.05-0.10 in
most hydrated OPC pastes). As a consequence, other hydrated phases containing alumina can
form or not depending on how much alumina is taken by C–A–S–H.
Results on the composition of C–A–S–H in realistic systems are necessary. There is therefore a
need to understand the effect of SCMs on the long-term (metastable) equilibrium of C–A–S–H
in pastes (i.e. not dilute systems) and how the presence of SCMs and the external variables
such as temperature change its overall composition and morphology. The main parameters
studied are the level of substitution, alkali, temperature and choice of materials.
This thesis is part of a collaborative research project between several groups. In addition to
this EPFL project at the Laboratory of construction materials (Lausanne, Switzerland), there
are two Ph.D. students working respectively in Empa (Dübendorf, Switzerland) and in Institut
Carnot de Bourgogne (Dijon, France). There is also a post-doctoral fellow at PSI (Willigen,
Switzerland). The four projects were defined to complement each other in developing a sound
geochemical model for C–A–S–H in blends of cement with SCMs.
This multidisciplinary project therefore focused on obtaining:
• Structural information and surface properties of C–A–S–H derived from atomistic simu-
lations (L. Pegado)
• Synthesised C–A–S–H and its solubility in presence of alkali ions (E. L’Hôpital)
• Synthesised C–A–S–H and its solubility in presence of chloride ions (G. Plusquellec)
• Characterisation of the morphology of synthesised C–A–S–H and comparison with the
composition and morphology of C–A–S–H in real cementitious systems (this thesis)
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This approach allows comparison between the real systems with synthetic C–A–S–H from
the partners. Such a comparison is beneficial to improve our general understanding of the
thermodynamic stability of the phase and because the model is ultimately useful for realistic
systems. Additionally, the current work will also study blends of alite (the main component of
cement) and SCMs in order to also provide an intermediate model system which represents
cement to a certain extent.
The remainder of the thesis is divided into the following chapters.
Chapter 2 gives the state of the art on the knowledge of C–A–S–H phase with an emphasis
on the findings from experiments on cement pastes samples and the main models used to
describe the variable composition of C–A–S–H. The relation between the variable composition
and morphology in pastes is discussed and compared to diluted preparations to identify gaps
in our current state of knowledge.
Chapter 3 gives an overview of the different materials and methods used throughout the thesis.
Chapter 4 summarises work done on the optimisation of the SEM-EDS (scanning electron mi-
croscopy with energy-dispersive spectrometry) setup used to locally measure the composition
of C–A–S–H in polished sections. The data treatment is also discussed.
Chapter 5 focuses on systems still containing Portlandite and is divided into two parts. Part i)
deals with the comparison between systems of pure Portland cement and alite and part ii)
focuses on systems blended with SCMs and still containing Portlandite. The composition and
morphology of the C–A–S–H are discussed.
Chapter 6 presents results from systems with high additions of silica fume. The composition
and morphology of the C–A–S–H are discussed in the case where little or no Portlandite is
present. The reaction of silica fume with Ca(OH)2 was studied in more detail than previously.
Chapter 7 discusses the main results on the C–A–S–H phase and relates them to the current
models for C–A–S–H.
Chapter 8 provides a summary of the thesis and its main conclusions and perspectives.
At the time of writing there still were doubts pertaining to aluminium quantification by STEM
which could come from the setup or the samples themselves. Results on metakaolin blends
are therefore presented in the Appendix.
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2 C–A–S–H in cementitious binders
2.1 Cement clinker and SCMs composition
Cement clinker is composed of four main phases. They are alite (impure C3S), belite (C2S),
aluminate (C3A) and ferrite solid solution (C4AF). Gypsum (C$H2) is added to control setting
of cement because of the presence of aluminate phases. In CEM I class OPC (“pure” cement),
up to 5% of fine limestone is added because it reduces the clinker factor without reducing the
strength [7].
SCMs exist in many varieties (Figure 2.1). In the Ca-Si-Al ternary diagram, the Portland ce-
ment is located on the Ca-rich side. SCMs contain more silica and alumina. Those which are
relatively rich in CaO (slag and calcareous fly ash) are more hydraulic while those richer in
silica and alumina are more pozzolanic (silica fume, natural pozzolan, siliceous fly ash and
metakaolin). The pozzolanic reaction is discussed further. The impact of SCMs on the final
phase assemblage will therefore depend in large part on the composition of the raw material.
Generally SCMs contribute to form additional C–S–H or C–A–S–H unlike “filler” materials
which are by definition chemically inert but can enhance the formation of other phases.
In the same diagram the C–S–H and C–A–S–H are represented in respective domains which
are still not well defined. The extent to which the C–A–S–H domain exists is a question which
this study aims to answer.
2.2 C–A–S–H in cement pastes
C–S–H and CH are the main hydrates in Portland cement. They are the main products from
the reaction of alite and belite with water. The Ca:Si atomic ratio of C–S–H in cement pastes
is in the range ≈ 1.75 but varies between 1.2 and 2.3 (e.g. [8]). Variations of the Ca:Si ratio
can be observed even in small scales (e.g. [9]). Because cement contains alumina in alite and
aluminate phases (C3A and C4AF), alumina released in solution can incorporate C–S–H in
place of silica, even in absence of SCMs. Typical values for Al:Si in C–A–S–H from pure cement
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Figure 2.1: Ca-Si-Al ternary diagram showing the different average compositions of Portland
cement, limestone and SCMs. Adapted from B. Lothenbach.
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are ≈ 0.05-0.10.
In presence of SCM(s), the main hydrate in a blended cement paste is still C–S–H or C–A–S–H,
but with an expected range of values for Ca:Si ≈ 0.8-2.3. The Ca:Si is generally lower than in
OPC, and the Al:Si is expected to increase as well if the SCM is rich in alumina. CH can be
consumed by pozzolanic reaction to form C–A–S–H. If we do a simplistic mass balance, silica
and alumina from SCMs may have reacted with CH to form C–A–S–H according to Eq. 2.1,
assuming no other phases precipitated.
x ·CH +S+ z · A+ (y −x)H→CxAzSHy (2.1)
Note that Al2O3 (“A” above) itself is not soluble but is provided SCMs such as metakaolin
(which is rich in silica).
The formation of C–S–H and other phases are classically described by separate reactions but
all occur simultaneously at rates which depend on temperature, pH and the activities of all the
species present in solution. It is well known that alite and C3A react at early age, while belite
reacts at later age. C4AF reacts but slower than C3A. When SCMs are present, their contribution
to the reaction is sensitive to the temperature and to the pH. The pH is increased by the initial
reaction of OPC and release of alkali from the OPC into solution. Only once the conditions are
favorable [5] will the SCMs begin to dissolve, impact the reactions of C–A–S–H formation and
that of other phases.
2.3 Models for the nanostructure of C–A–S–H
Main features of all models
The characterisation of a crystalline (nano)structure occurring in C–A–S–H has always proven
to be a difficult task because in cement pastes X-ray diffraction (XRD) on hydrated samples
shows that C–A–S–H does not give very distinct reflections, but rather a broad background
signal which is commonly referred to as an amorphous background [10]. C–A–S–H is therefore
usually considered as being X-ray amorphous and often called a “gel”. C–A–S–H is not an
amorphous phase but rather has short range order or regions of “microcrystalline” material.
Data emanating from studies using NMR and other techniques on hydrated C3S [11, 12], pure
cement paste [13, 14] and in OPC blended with slag [14, 15] support the view that C–A–S–H
has a nanostructure related to a group of natural minerals which have a silicate “dreikerketten”
structure. Minerals from that group contain calcium-oxygen layers on both sides of which
there are infinite linear chains of silicate tetrahedra. The tetrahedra coordinate to the central
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hexagonal layer of octahedrally coordinated Ca2+ ions in such a way that every third tetrahe-
dron bridges (B) both adjacent “paired” tetrahedra (P) as shown in Figure 2.2. Each layer of
Ca2+ ions is flanked on both sides by a silicate chain, and the distance between two such Ca2+
layers is defined as the interlayer spacing. The spacing of the interlayer depends on the exact
mineral and may be filled with variable amounts of both Ca and water. Silicate chain lengths
in pastes and synthetic C–A–S–H are not infinite but have values which obey the 3n – 1 rule, n
being an integer.
Figure 2.2: Schematic of a dreierketten structure showing the central octahedral Ca−O layer
flanked on both sides by chains of tetrahedral silicates which are kinked in such a way that
every third tetrahedra bridges (B) both adjacent pairing ones (P). The interlayer region which
separates such dreierketten structures contains calcium and water. The distance between two
interlayer regions defines the interlayer distance and is characteristic of a specific mineral.
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Tobermorite and jennite minerals
Most studies have led us to relate the nanostructure of C–A–S–H to two natural but rare
minerals: 14 Å tobermorite (also known as Plombierite, Figure 2.3) and jennite (Figure 2.4)
[16, 17], the structures of which were only recently completely resolved [18, 19].
14 Å tobermorite has the chemical formula Ca5Si6O16(OH)2 ·7 H2O. In this mineral, two oxy-
gens from paired tetrahedra are coordinated to the central calcium ions. The Ca:Si is 0.83. The
interlayer spacing is 14 Å in the example of Figure 2.3 and corresponds to the most hydrated
mineral of the tobermorite group. No Ca−OH bonds exist in the natural structure.
Jennite has the chemical formula Ca9Si6O18(OH)6 ·8 H2O. The resulting Ca:Si is 1.50. In jennite,
only one oxygen coordinates from the pairing silicate to a central calcium, a hydroxide ion
providing the second oxygen to the calcium. This results in a more corrugated structure in
which every other dreierkette is replaced by a row of OH groups, indicated by “H” in Figure 2.4.
No Si−OH bond exist in the natural structure.
Figure 2.3: Structure of 14 Å tobermorite. (a) The structure as seen along [100], with two
“complex layers” (Ca-O layers) separated 14 Å apart [20]. (b) Connection of silicate chains (dark
gray) to the layer of calcium polyhedra (light gray), as seen down [001] [18].
Both structures in theory have chains of infinite length. If chains of finite length are consid-
ered (Table 2.1) by removal of bridging tetrahedra, the Ca:Si ratio increases for decreasing
mean chain length (MCL). If all bridging tetrahedra are removed (MCL = 2), the Ca:Si for
14 Å tobermorite and jennite increases from 0.83 to 1.25 and from 1.50 to 2.25 respectively. In
14 Å tobermorite, the maximum Ca:Si can be increased to 1.50 by replacing two protons by a
11
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Figure 2.4: Structure of jennite as seen along [010] (top) and [100] (bottom). “H” indicate
hydroxyl groups. Reproduced from Richardson [21] who used data from [19].
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calcium ion.
Table 2.1: Formulae and Ca:Si ratio for 14 Å tobermorite [18] and jennite [19]
Mineral 14 Å tobermorite jennite
Formula Ca5Si6O16(OH)2 ·7 H2O Ca9Si6O18(OH)6 ·8 H2O
Ca:Si 0.83 1.50
Ca:Si (MCL = 2) 1.25 2.25
Ca:Si (MCL = 2, each H+
replaced by 0.5 Ca2+)
1.50 -
Comments
Known as plombierite. It is the
most hydrated of the tobermorite
group which has other possible
basal spacings (9 and 11 Å). They
correspond to different degrees of
hydration, i.e. water molecules in
the interlayer region. It does not
contain Ca−OH bonds.
All hydroxyl groups
are bound to three cal-
cium cations. No Si−OH
groups are present in the
natural structure. [19].
Varying Ca:Si in C–S–H
Solubility data shows the link between the molar concentrations in solution compared to
the composition of the equilibrated solids. Many experiments conducted around room tem-
perature [3] show in Figure 2.5 that increasing Ca concentrations between 2 mmol/L and 20
mmol/L affects the Ca:Si at equilibrium in pure solid C–S–H (in absence of aluminium) which
varies from 1.0 to 1.5. The Ca:Si can be increased from 1.50 to 2.00 but causes the precipitation
of CH. This in turn causes a plateau at 20 mmol/L as the solution is saturated in Ca(OH)2. The
solid line in the graph indicates the modelled data used in thermodynamic modelling software
(cemdata2007 database). From such data it is concluded that the C–S–H at thermodynamic
equilibrium with saturated lime solution has a Ca:Si = 1.50. Some points reach higher Ca:Si
and are discussed further.
There is a good level of agreement on the structural changes explaining the Ca:Si in C–A–S–H
up to 1.50. A “defect-tobermorite” structure [22, 23] has been proposed in which defects are
introduced by removing the bridging tetrahedra [24] to reach Ca:Si = 1.25. Then if two protons
are also substituted by a Ca2+ cation [25], the Ca:Si can reach 1.50.
In order to include additional Ca−OH groups in the structure above Ca:Si = 1.50, they can
be included in the main Ca−O layer as part of a different arrangement of silicate chains,
which is equivalent to forming jennite-like structures (tobermorite/jennite viewpoint) or
including them in the tobermorite interlayer or main layer − not as part of the structure −,
thus maintaining a tobermorite structure but with “solid-solution” CH. There is still debate
regarding the most suitable model.
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Figure 2.5: Solubility of C–S–H given as the concentrations of Ca and Si in solution versus the
Ca:Si ratio in the equilibrated solid. The graphs are compiled from various data. From [3]
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Richardson [21] made a review, which is summarised in [26], on the two main viewpoints
and showed that most models can be seen as particular cases of Richardson and Groves’
“General model”. Richardson and Groves’ model [12, 14] does not imply any specific structure
− and should be regarded as a compositional model − but considers a disordered dreierketten
structure of finite length and which is able to accommodate other ions (such as aluminium), in
“solid-solution” with a variable amount of Ca(OH)2 and with variable amounts of bound water
(i.e. hydroxyl groups) which need not to be in a specific part of the structure. The model also
charge balances silicate chains with Ca2+. The flexibility of the model is due to the absence of
structural considerations aside from the finite dreierketten structure.
The tobermorite/jennite viewpoint was first suggested by Taylor [16, 17] who explained the ob-
served Ca:Si by the existence of a majority of jennite-like regions and minority of tobermorite-
like regions.
Other authors suggest that C–S–H has a tobermorite-like structure up to Ca:Si = 2 and should
considered from the tobermorite/“solid-solution CH” viewpoint. Strictly speaking the term
“solid-solution” was used to describe Richardson and Groves’ way of building their disordered
structure with Ca(OH)2 units but is not appropriate when considering atomic structures. The
discussion here pertains to Ca−OH groups, not a microcrystalline form of Portlandite. Cong
and Kirkpatrick [22] suggested that Ca−OH could go in the main layer of tobermorite from
results on C–S–H prepared from dilute reaction of β-C2S with silica fume or synthesis from
CaO and silica fume. Nonat and Lecoq [23, 28] argued from data on C3S hydrated at high
water:binder ratio that the tobermorite structure could be maintained from Ca:Si from Ca:Si
0.66 to 2.0 by the replacement of a silanol proton by the addition of a Ca−OH+ group in the
interlayer to maintain a neutral charge.
The data from Chen and co-workers [27] suggested the occurrence of a transition at Ca:Si = 1.2-
1.3 and supported the tobermorite/jennite viewpoint. They showed that while the synthetic
samples followed solubility curves closer to that of pure tobermorite (Figure 2.6), the curves
of C3S hydrated with water:binder = 0.5 approached that of C–S–H (II) linked to pure jennite.
Their data from both synthetic preparations and hydrated C3S strongly suggested the existence
of several metastable phases of C–S–H which each have a specific behaviour in solubility
experiments (Figure 2.6). Curves C, C’ and C” represent data both from the authors and other
investigators on synthetic preparations and hydrated C3S pastes. It is discussed [27] that dilute
hydration of C3S and synthetic phases tend to form tobermorite-like structures along curve
A while other systems with equilibrated C–S–H from solution or hydrated C3S begin by first
following curve A from low calcium concentrations but only up to a Ca:Si of ≈ 1.2-1.3. They
then depart at ratios of 1.2-1.3, follow the three intermediate curves to reach ratios of 1.7-1.9
when the solution is saturated with respect to CH at about 20 mmol/l. Curves C, C’ and C” tend
towards the curves for jennite and are considered to be related to jennite. This was supported
for two main reasons. First, the mean chain length does not evolve much over Ca:Si = 1.3.
Secondly, they argued that the occurrence of Ca−OH bonds occurs only once all Si−OH bonds
have been removed at Ca:Si 1.2-1.3, which is a agreement with the upper limit for Ca:Si of
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Figure 2.6: Solubility compiled from different sources and represented as [Si] versus [Ca], with
the Ca:Si ratios indicated at each relevant point. From [27].
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tobermorite and lower limit for Ca:Si of jennite.
However there is other evidence, related to the mobility of calcium, for the validity of a tober-
morite model over the whole range of Ca:Si. Stade and Wieker [29] showed that Ca(OH)2 could
be leached from C–S–H with high Ca:Si to obtain C–S–H with Ca:Si≈ 1.25. They could not
leach Ca(OH)2 from C–S–H with Ca:Si less than ≈ 1.25. Also, gentle carbonation experiments
on C3S [30, 31] and OPC pastes [32] lowers the Ca:Si of C–S–H to ≈ 1.00-1.20 and causes the
formation of CaCO3 crystals and silica gel. It seems unlikely in both experiments that Ca−OH
groups part of a jennite-like structure would so readily be removed. Finally, X-ray diffraction
data does not strongly support the existence of a jennite-like C–S–H occurring in OPC [33, 34].
Note that most XRD data is from synthetic C–S–H rather than cement.
2.4 Microstructural characterisation of C–A–S–H in pastes
Inner product (Ip) and outer product (Op) C–A–S–H
The microstructural development of hydrated cement shows that we observe two C–A–S–H
phase morphologies by scanning electron microscopy (SEM) in backscattered electron (BSE)
images of polished sections and which do not significantly differ in mean composition, but in
morphology [9]. We define [35] the “inner” and “outer” products (abbreviated “Ip” and “Op”
respectively). Such inner and outer products are shown in Figure 2.7. The C–A–S–H which
forms during the first 24 hours is mostly outer product C–A–S–H (Op) which forms in originally
water-filled space (Figure 2.7 (a)). Upon setting, the Op in the cement is quite porous and
is intimately mixed with ettringite (AFt) and monosulfoaluminate (Ms). It can continue to
form if space and water are still available. The unreacted phases later also react with the pore
solution to form inner product C–A–S–H (Ip) within the approximate boundaries of original
grain (Figure 2.7 (b)). This occurs at a very slow rate and begins after about one day. As with the
Op, other phases are also sometimes intermixed within the Ip at a fine scale [9]. The C–A–S–H
observed in polished paste samples tends to show little variation in grey levels between regions
of reacted paste, even between the Ip and Op. Any variation within a same sample would
normally be attributed to the presence of other highly intermixed phases such as hydrotalcite
phases in slag blends [36], but this does not reflect a true difference in the composition of the
C–A–S–H.
A particular feature of OPC is the presence of Hadley grains, which appear as hollow shells in
the SEM at early age (example in Figure 2.7 (a)) but which in fact contain low density C–S–H
products [37]. These are not so visible in C3S and alite pastes and their presence is attributed
to the simultaneous presence of aluminate and sulphate [38].
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Figure 2.7: Backscattered electron (BSE) image of a CEM I cement hydrated under distilled
water for (a) 24 hours and (b) 90 days. It was prepared at 20°C and with w:c = 0.4. The typical
features are indicated.
Morphologies of C–A–S–H by TEM and chain length by NMR
C–A–S–H observed by transmission electron microscopy (TEM) also shows that the phase
can have different morphologies. The Ip generally exhibits globular morphologies and the
Op is fibrillar (Figure 2.8 (a)) and directional [9] but as it has recently been shown [39] the
maximum length of fibrils not limited by space. The fibrils are usually several nanometers wide
[21]. When 5 M of KOH is used to activate a cement paste, Portlandite can become intimately
intermixed even at the nanometer level [15]. Such activation by 5 M of KOH can yield a foil-like
morphology instead of fibrils without changing the Ca:Si ratio [21]. Note that the amount of
alkali in this example is particularly high compared to ordinary cement.
When cement is blended with SCM(s) (Table 2.2), the Ca:Si is generally lowered and causes
a change to foil-like morphology compared to the fibrillar C–A–S–H observed in OPC. The
parameters determining whether fibrillar or foil-like morphology occurs are not well under-
stood but appears mainly linked to the composition. When the Ca:Si is lowered below 1.50,
the morphology of C–A–S–H is affected and appears mostly foil-like (Figure 2.8 (b)). Fibrils are
present in cases where low amounts of slags are introduced [40] and in the Op of fly ash blends
[41]. When the Al:Ca increases we seem to see more foil-like [21] and the aluminium enters
the bridging site of chains of C–A–S–H as shown by 27Si MAS NMR [42]. The addition of alkali
hydroxide (NaOH, KOH) can strongly increase the reactivity of SCMs in blended cements,
which in turn affects the activities of calcium, silicon and aluminium in the pore solution.
Alkalis can change the final composition and the morphology of C–A–S–H in blended systems
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[8], and may charge balance the presence of aluminium [43]. Generally speaking, very few
TEM studies on the phase composition have been done on blended paste samples in realistic
conditions, see Table 2.2.
(a) (b)
Figure 2.8: (a) Bright-field (BF) electron image of a pure OPC, from [44]. Fibrillar morphology
is apparent in the outer product shown. (b) BF image of a OPC - 75% Slag blend, from [21].
Here the increase in initial Al:Ca and lowering of Ca:Si in C–A–S–H causes the morphology of
the outer product to be foil-like.
The Qn resonances in
29Si MAS NMR (magic angle spinning solid state nuclear magnetic
resonance) can be used to calculate the mean chain length of the silicates in C–A–S–H. In
cements structural units are typically of mean chain length (MCL) ≈ 3, with dimeric chains
dominating at early age and pentameric dominating after several years as seen e.g. in C3S
model systems [24]. In presence of SCM(s) the value for mean chain length can increase to
high numbers, particularly at higher temperatures.
Table 2.2: Examples of data for OPC and the four main blended systems. Data from *[44], #[41],
##[45], **[46]
Blend SCM [%] Ca:Si Al:Si MCL W:S T [°C] Time Ip Morphology Op Morphology
OPC 0 1.7-1.8 0.05 3.3-5 0.4 20 1y, 26y Fine Fibrillar
OPC-Slag##
10 1.6 0.12 6.7
0.4 20 20y Fine (Ip and Slag rim) Fibrils to foil
90 1.18 0.18 14.3
OPC-FA# 30 1.57 0.2 15.6 - 55 1 mth
Low density foil
Foil and fibrils
Fibrillar in FA
OPC-MK** 20 1.43 0.25 11 0.55 25 1 mth Fine Foil-like
OPC-SF* 50 0.7-0.8 - 8.5 0.7 40 3 mths 20% SF: Fine Foil-like
>50% SF: foil
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Role of alumina in C–A–S–H
Aluminium is known to incorporate C–A–S–H [47, 48] from data on both synthetic and hy-
drated C3S preparations and can enter bridging sites of silicate chains. Tetrahedrally coordi-
nated Al3+ (AlIV) substitutes mainly for Si4+ in bridging sites of C–A–S–H from cements [43, 49].
This was first confirmed in 27Si MAS NMR data from hydrated synthetic slags [50, 15].
However the bridging site of Si is not the only site for substitution. Octrahedral Al3+ (AlVI) was
suggested to substitute Ca2+ in the interlayer [47, 48], but may be attributed to the presence of
AFm or a third aluminium hydrate which is a separate phase [49]. It is also suggested that Al in
a pentacoordination (AlV) may substitute with Ca2+ in the interlayer as seen in a white Portland
cement [43] or adsorb on C–A–S–H in diluted synthesized samples [51]. There are instances
where AlIV may substitute non-bridging (pairing) positions [52, 51] in synthetic samples at
lower pH than that in cement. Aluminium is known to allow crosslinking between silicate
chains [53] and generally increases the final degree of polymerisation of silicate chains at high
pH [43, 54]. Despite these different sites for alumina incorporation, it is generally assumed
that the bridging site is the most favorable for alumina substitution at low Ca:Si ratios. This is
supported by recent work by L. Pegado.
Values from Table 2.2 indicate that the alumina in C–A–S–H can be highly variable, depending
on the availability of aluminium and possibly on the Ca:Si ratio. The data from Table 2.2 also
suggests that both a decrease in Ca:Si and increase in Al:Si can influence the morphology of
C–A–S–H. It is not clear to which extent alumina can impact the final morphology.
2.5 Synthetic preparations versus paste samples to study C–A–S–H
It is apparent that the biggest challenge in converging towards a better knowledge of the
C–A–S–H phase will depend on our ability to bridge the gap between synthetic preparations
and pastes of low water:binder ratio typically around 0.3 to 0.5 [10]. Table 2.3 summarises
the information in the literature. Points in bold indicate the outstanding uncertainties and
questions.
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Chapter 2. C–A–S–H in cementitious binders
The biggest question still pertains to synthetic preparations and how they compare to the
C–S–H in pastes. Chen suggested that the C–S–H formed in dilute conditions is different from
those formed in low:water binder pastes [27] but that both are able to reach equilibrium which
is at the very least metastable. The stability of C–S–H is not entirely understood and is central
to thermodynamic modelling.
Synthetic phases are foil-like and precipitating with maximum Ca:Si = 1.50 in absence of CH,
although it was reported in [27] and in other recent studies [55, 56] that it can be formed with
Ca:Si ≈ 1.70-1.90. Preparation times are often long (several months) but some occasions are
within a few hours. It has been possible to observe fibrillar morphologies, with Ca:Si ≈ 1.75
in dilute solution from controlled dissolution of C3S [55] when the solution is above lime
saturation but has not yet precipitated CH.
C–S–H forms in pastes within hours. The C–S–H, pure C3S, alite and OPC has fibrillar mor-
phology in the Op and Ca:Si ≈ 1.75 in presence of CH. Fibrillar morphologies persist after as
long as 20 years [57] and after gentle carbonation [32]. The presence of these fibrils in blended
pastes is investigated in a selection of samples.
In blends with SCMs where there are several morphologies and very different C–A–S–H com-
positions which are affected in large part by the reactivity of the SCMs. The link between the
composition and morphology of C–A–S–H in realistic pastes needs to be further explored.
The role of CH on the C–A–S–H composition and morphology in blended pastes will be high-
lighted in Chapter 5 and a comparison with synthetic preparations of low Ca:Si is made in the
Chapter 7.
The thesis focuses on less reacted systems from the project of V. Kocaba [36] which still
contain CH, and then pastes with reactive SCMs (silica fume and metakaolin) to change the
composition and morphology of the C–A–S–H in absence of CH. This will allow discussion of
the stability of the C–A–S–H in pastes and attempt to relate the observed compositions and
morphologies to the conditions in which C–A–S–H may have formed and may have evolved
over time.
Most results on metakaolin blends are grouped in the Appendix, p. 131.
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3.1 Raw materials
Samples with reactive SCMs were prepared with three “cements”, i.e. two “model cements”
based on alite, and an OPC. One series was prepared with a model cement containing only
alite, and SCMs. A second contained a model cement composed of alite, C3A and gypsum,
which was blended with SCMs. The third series was with OPC and SCMs.
Alite, aluminate and gypsum
Synthesis of the pure phases was done using analysis-grade materials from MERCK Chemicals
according to protocols in [58, 59] for alite and according to [59] for C3A. The amounts of
reactants given in Table 3.1 were mixed in a 5 liter jar and homogenised during 24 hours by
ball milling. The mix was then dried for 24 hours in an oven set at 105°C, ground by hand using
a mortar to obtain a homogeneous powder. The resulting powder was pressed into pellets
about 5 cm in diameter and 0.6 cm thick. The firing cycle were specific to alite and to C3A.
Table 3.1: Mix design for synthesising the pure phases.
[g] CaCO3 SiO2 Al2O3 MgO Water
Alite 635.8 130.0 5.1 10.3 1200.0
C3A 400.0 - 153.0 - 750
Alite was burned at Holcim in three steps to ensure that the free lime (CaO) content was
reduced to the minimum. For each step the pellets were placed in the furnace which was then
heated from ambient temperature to 1450°C in 2 hours. The pellets were quenched in air after
the full step at constant temperature. The first step was at 1450°C for 60 hours. The second
and third steps were 14 and 16 hours at 1450°C respectively.
C3A was synthesised in the laboratory. Pellets were placed in the furnace which had the
following heating cycle: 200°C/hour up to 1000°C, 1000°C for 8 hours, 200°C/hour up to 1400°C,
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1400°C for 8 hours, quenched in air, ground for 60 seconds in a ring crusher and pressed into
pellets again and then fired up to 1400°C at 200°C/hour followed by a last calcination at 1400°C
for 5 hours.
The pellets of both materials were ground in a ring crusher for 30 seconds. They were then
both sieved with a 100 µm sieve to remove large grains.
Gypsum, calcium dihydrate (CaSO4 ·2 H2O), was from Merck and was ground 1 minute in the
ring crusher.
The reactivity of alite and C3A were checked by isothermal calorimetry (Figure 3.1) and their
purity by X-ray fluorescence (XRF) (Table 3.2). Calorimetry of the alite in Figure 3.1 (a) was
slightly less reactive than in [59] and the heat release of the C3A-20% gypsum mix in Fig-
ure 3.1 (b) was quite similar to results given in [59]. X-ray diffraction (XRD) of the powders
showed no traces of other products. The XRF results showed no traces of impurities.
(a) (b)
Figure 3.1: Isothermal calorimetry of the pure phases synthesised for the project. Samples
were hydrated at 20°C. (a) Alite prepared with water:binder = 0.4. (b) C3A-20% gypsum mix
prepared with water:binder = 1.0.
Table 3.2: XRF data of the pure phases, in %wt. LOI = loss on ignition.
SiO2 Al2O3 CaO MgO SO3 LOI
Alite 25.43 1.10 71.24 2.03 - 0.11
C3A - 36.67 62.27 - - 0.66
Gypsum - 0.14 40.35 - 52.17 7.17
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OPC and SCMs
The raw materials used here are a CEM I 32.5 ordinary Portland cement (PC), quartz (Q), silica
fume (SF) and metakaolin (MK). XRF data is given in Table 3.3. The anhydrous phases of the
PC are given in Table 3.4.
Table 3.3: XRF data of the raw materials, in %wt. LOI = loss on ignition.
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O3 K2O TiO2 P2O5 Mn2O3 LOI
PC 21.1 5.6 2.6 64.9 1.6 2.8 0.2 0.9 0.3 0.1 0.1 1.9
Q 98.1 1.1 0.0 - - - 0.1 0.6 0.1 0.0 0.0 0.2
SF 98.7 0.3 0.0 0.2 0.0 - 0.1 0.3 0.4 0.0 0.0 0.5
MK 51.4 44.9 0.4 0.2 0.0 0.0 0.2 0.1 1.4 0.1 - 1.4
Table 3.4: XRD data for the PC quantified by Rietveld analysis, in wt%. LOI = loss on ignition.
Alite Belite C3A C4AF CaO MgO CaCO3 SiO2 CaSO4 K2SO4
PC 55.2 14.0 10.8 6.2 0.3 1.1 3.3 0.6 5.8 2.6
Raw materials of matured systems
Samples prepared in a previous Ph.D. study were made with three cements: Cement A, B, and
C with compositions by XRF given in Table 3.5 and by XRD given in Table 3.6 (see [36, 60] for
additional details). Cement A is a white cement with high amounts of alite, little C3A and low
amounts of alkali. Cement B contains low amounts of alite, high amounts of alumina and
alkali. Cement C has high amounts of alite and alkali, some alumina and calcite.
Table 3.5: Composition of cements A, B and C by XRF in %wt (From V. Kocaba). LOI = loss on
ignition.
Name SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 Mn2O3 LOI
A 24.5 2.1 0.3 69.2 0.6 2.2 0.1 0.2 - - - 0.19
B 20.6 5.2 3.1 62.0 2.6 2.9 0.3 1.4 - - - 1.14
C 21.6 5.0 2.8 65.9 1.7 0.8 0.1 0.9 0.3 0.4 0.1 0.72
They were blended with five SCMs. Two slags (“S1” and “S8”), two fly ashes (“FA1” and “FA2”)
and a silica fume (“SF”). The compositions by XRF are given in Table 3.7. The S1 and S8 (see
[36, 60] for additional details) both have calcium, silica and alumina in high amounts. S1
is completely amorphous according to XRD and has more silica and calcium compared to
S8 which has more alumina but has less amorphous content. Both fly ashes have the same
alumina content and are siliceous. FA1 contains more magnesium oxide, iron oxide and alkali
oxide. FA2 contains traces of iron oxide and titanium oxide. Silica fume is pure SiO2, and is the
same batch of material used in experiments of the Chapter 6.
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Table 3.6: Composition of cements A, B and C by XRD, amounts in %wt (From V. Kocaba).
Name C3S C2S C4AF C3A Lime Periclase CaSO4 CaCO3 Ca(OH)2
A 67.3 23.3 0.4 3.6 0.6 0.0 4.3 0.0 0.5
B 51.1 22.2 9.2 8.1 1.8 2.3 3.8 1.0 0.6
C 66.9 10.3 8.8 4.5 0.0 0.5 4.2 4.9 0.0
Table 3.7: Composition of the SCMs from matured systems by XRF (wt%) (From V. Kocaba).
Name (%amorphous) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oequ K2O TiO2
Slag 01 (99%) 36.5 11.6 1.4 40.8 7.5 2.1 0.5 - -
Slag 08 (85%) 30.5 16.5 0.2 32.0 10.0 1.7 0.0 - -
Fly ash 01 49.9 23.9 8.8 4.8 2.6 0.3 1.0 3.8 0.9
Fly ash 02 70.0 23.9 2.2 0.2 0.2 0.0 0.0 0.6 1.4
Silica fume 98.6 0.3 0.0 0.2 0.1 0.1 0.2 - -
3.2 List of samples
Samples from previous studies
The list of matured systems with three different cements are given in Tables 3.8, 3.9 and 3.10
for cements A, B and C respectively. S1 and S8 are slags. FA1 and FA2 are fly ashes. SF is silica
fume. Here the pure cement and slag blends hydrated for 5 years. Those with fly ash and silica
fume hydrated for 3 years. All samples had a water:binder ratio of ≈ 0.40.
Table 3.8: Series A
Sample Comp.
A 100% OPC
A-S1 60% - 40%
A-S8 60% - 40%
A-FA1 70% - 30%
A-FA2 70% - 30%
A-SF 90% - 10%
Table 3.9: Series B
Sample Comp.
B 100% OPC
B-S1 60% - 40%
B-S8 60% - 40%
B-FA1 70% - 30%
B-FA2 70% - 30%
B-SF 90% - 10%
Table 3.10: Series C
Sample Comp.
C 100% OPC
C-S1 60% - 40%
C-S8 60% - 40%
C-FA1 70% - 30%
C-FA2 70% - 30%
C-SF 90% - 10%
New samples
The mix designs are summarised here for both the alite (“model cements”, i.e. MC) series
(Table 3.11) and the grey cement (Portland cement, i.e. PC) series of blends (Table 3.12). Alite
blends were prepared with different amounts of alkali (0, 0.1 and 0.5 M of KOH) and at different
temperatures (10, 20 and 38°C). Not all combinations were made (see right side of Table 3.11).
When C3A and gypsum were added, the samples were labelled MC* (with a star symbol). The
PC series were made at the same three temperatures. Both MC and PC series were hydrated
for 90 days and had a combination of silica fume and quartz.
Superplasticiser was used in PC-18.8MK (0.5%wt of the total binder) and PC-41.2MK (1.5%wt).
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Additional drops were added if needed, but no more than 2%wt.
A second series with the same cement and silica fume was cast for studying at earlier ages. The
PC2 series is summarised in Table 3.13.
Table 3.11: List of alite blends hydrated for 90 days. E.g. T10 = 10°C, 0.1K = 0.1 M KOH. See p. 1
for the definition of the acronyms.
Series Alite wt% C3A wt% C$H2 wt% SF wt% MK %wt Q %wt 0K 0.1K 0.5K
Alite (MC) 100.0 - - - - - T20 T20 T10-20-38
MC(Q)-SF 60.0 - - 20.0 - 20.0 T20 T20 T10-20-38
MC-MK 58.8 - - - 41.2 - T20 T20 T10-20-38
MC*(Q)-SF 50.0 5.0 5.0 20.0 - 20.0 T20 T20 T10-20-38
MC*-MK 48.8 5.0 5.0 - 41.2 - T20 T20 T10-20-38
Table 3.12: List of PC blends hydrated for 90 days. E.g. T10 = 10°C.
Name / %wt PC SCM Q Temperatures
PC 100.0 0.0 0.0 T10-20-38
PC(Q)-10SF 81.8 9.1 9.1 T10-20-38
PC(Q)-25SF 60.0 20.0 20.0 T10-20-38
PC-45SF 55.0 45.0 0.0 T10-20-38
PC-18.8MK 81.2 18.8 0.0 T10-20-38
PC-41.2MK 58.5 41.5 0.0 T10-20-38
Table 3.13: List of PC2 blends. E.g. T10 = 10°C. This series was studied at difference ages and
did not contain quartz as did the PC series.
Name / wt% OPC SCM Temperatures
PC2 100 0 T10-20-38
PC2-10SF 90 10 T10-20-38
PC2-25SF 75 25 T10-20-38
PC2-45SF 55 45 T10-20-38
3.3 Sample preparation and experimental methods
Casting
Plastic containers of 250 ml in volume first contained the anhydrous material which was
homogenised by shaking the container by hand for about a minute. The vertical mixer (IKA
LABORTECHNIK RW20.n) set to a rotation speed of about 1,600 rpm was switched on prior to
adding liquid. The water, slurry or solution (initially at room temperature) was poured into
it while the mixer was on. The paste was then mixed for two minutes at the same speed. If
superplasticiser was required, it was added with the water and additional drops were added
if needed during the two-minute mixing. Additional mixing (not more than 2 minutes) was
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done if needed to ensure the whole paste was homogenised. Samples were cast into cylindrical
tubes and stored first during 24 hours at the designated temperature. They were then removed
from the mould and stored in a second container of slightly larger size. A small amount of
additional distilled water (initially at room temperature) was added to maintain the sample
under water. The amount of additional water was limited to minimize leaching of the pore
solution.
For the silica fume containing blends, the silica fume was prepared with the whole amount of
distilled water as a slurry using a kitchen blender set at approximately 12,000 rpm. The slurry
was first homogenised for about 2-4 minutes without superplasticiser. The slurry was then
homogenised a second time for two minutes before each casting to limit the aggregation of
silica fume particles.
Solutions of KOH were prepared with distilled water (initially at room temperature) and MERCK
Titrisol® KOH 1.0 M for 1 l prior to mixing.
All samples were then left to hydrate 90 days in sealed containers at 10, 20 and 38°C with
distilled water (which was initially at room temperature). Samples for hydration at 10°C were
placed in a fridge, those for hydration at 20°C were placed in an air-conditioned room, and a
hot chamber in our laboratory was used for samples hydrating at 38°C.
Stopping hydration
At different hydration times slices approximately 2 mm thick were cut out of the samples using
a diamond saw and distilled water as lubricant. The slices were stored five days in isopropanol
to remove the water by solvent exchange, with the solution being completely changed at least
once within the first day of isopropanol storage to enhance the removal of water. After five days,
the samples were stored in a desiccator for several days to evaporate the isopropanol. Care was
taken to not observe the surface which was exposed to water in order to avoid leached areas.
In most cases a second slice was taken for characterisation and the first one kept as backup.
For XRD and thermogravimetric analysis (TGA) techniques, powders were ground by hand in
a mortar.
Electron microscopy
Basic principles The irradiation of a sample by an incident electron beam of energy E0
causes different types of interaction to occur.
In a bulk material, there are secondary electrons (SE) which are incident electrons which have
lost most of their energy through inelastic interactions with the sample. They are of low energy
(5-50 eV) and yield a mostly topographic contrast. There are also backscattered electrons
(BSE), i.e. incident electrons which have diffused from within the sample and ejected. BSE
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have an energy close to E0. The number of such electrons per unit of time is proportional to
the atomic number Z and the density ρ. This contrast is of great interest to study cementitious
samples. Auger electrons are electrons which were ejected from atoms whose cloud of electron
interacted with the incident electrons. They are of an energy characteristic of the target atom.
When electrons undergo inelastic diffusion, there is a transfer of energy, and the target atom
can be ionised. The change in energy causes the emission of X-ray radiations. They are of
two main kinds. One mechanism involves an electron from an inner energy level of an atom
to be ejected by the incident electron, causing an electron from a higher energy level of the
atom to replace it and release the excess energy as characteristic X-rays. These characteristic
X-rays are detected and counted to form X-ray spectra which can be processed for qualitative
or quantitative analysis, such as it is done in energy-dispersive spectrometry (EDS). Another
type is a continuum of X-rays caused by the deceleration of incident electrons which change
in energy is released as X-rays. These contribute to the Bremstrahlung background (the “slow-
down radiation”).
Backscattered electrons and X-rays originate from a finite volume within bulk materials,
i.e. the interaction volume. The interaction volume increases with the incident energy E0.
The incident energy could be minimised to obtain the best lateral resolution. However, the
generation of X-rays of an energy EX requires that the incident energy E0 is about twice that
of EX to sufficiently ionise it. This often results in a compromise between a sufficient lateral
resolution and optimal X-ray generation. This limitation is overcome by TEM.
In electron transparent samples for the TEM, there is in principle no absorption of electrons.
Incident electrons can either go through the sample and form the bright field image (BF) or
be elastically scattered at low or high angles. This gives rise to the dark field contrast (DF).
Electrons can interact with the core of the atoms and be scattered at high angles. An annular
detector can collect information from these electrons to form the high angle annular dark field
image (HAADF). Because of the interaction with the core of atoms, this contrast is strongly
dependent on the atomic number Z. The formation of X-rays is the same as in bulk samples.
Sample preparation For scanning electron microscopy (SEM), each piece of dried sample
was impregnated using epoxy-based EPO-TEK® 301 resin, polished at 150 rpm with a STRUERS
Rotopol machine down to 1 µm using STRUERS DP-Spray M diamond sprays and with petrol
as a lubricant. All polished SEM samples were bulk samples at least 2 mm thick. The sample
was then coated with a ≈ 30 nm carbon film using a BAL-TEC CED 030 Carbon Evaporator.
Samples were stored in desiccators.
For the transmission electron microscopy (TEM), a smaller piece was impregnated using EMS
Embed 812 resin, cut to a thin slice (of dimensions 1.7 mm × 1.7 mm × 0.7 mm) using a WELL
diamond saw, thinned down mechanically to a bevel by mean of the Tripod method (supplied
by ALLIED Tech) to yield a thickness of about 20-30 µm on the thick side. It was then glued to
a copper ring (for which a third was cut off to limit redeposition of Cu during ion thinning),
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ion-thinned with an Argon PIPS (GATAN Precision Ion Polishing System Model 691) operated
at maximum 1.5 keV to achieve electron transparency and carbon coated with a thin 5 nm
layer using a CRESSINGTON 208 high vacuum carbon coater. Samples were coated only prior
to observation in the TEM. Samples were stored in a high vacuum desiccator at the CIME
(Interdisciplinary Centre for Electron Microscopy).
Microscope parameters Observation in the SEM was done in high vacuum conditions
(≈ 5×10-5 Pa) using backscattered electron imaging (BSE) at 15 kV. The SEM was a FEI Quanta
200 equipped with a tungsten filament. The spot size was adjusted to yield a ≈ 0.7-0.8 nA
current. A map was acquired over two hours at a moderate beam current of ≈ 1.4 nA (spot size
6) and caused minimal damage as seen in Figure 6.9 (c), in Chapter 6, p. 106.
TEM observations were done in scanning mode using the nanoprobe mode of the FEI Tecnai
Osiris equipped with a high brightness XFEG source. Bright field (BF) and high angle annular
dark field (HAADF) imaging modes were used. The spot size was either 8 or 9 to yield a current
of 0.160 nA or less using a high “gun lens” setting.
Details on the experimental protocols are found in Chapter 4 and particularly in Section 4.2,
p. 35.
X-ray diffraction (XRD)
X-Ray Diffraction (XRD) provided a method to observe the formation of crystalline hydrates
and non-reacted raw materials in hydrated pastes. A Panalytical X’Pert Pro MPD diffractometer
was used in aΘ−Θ configuration using CuKα source (λ = 1.54 Å) with a fixed divergence slit size
of 0.5°. Samples were scanned on a rotating stage between 7 and 70 [°2Θ] using a X’Celerator
detector with a step size of 0.0167°2Θ and a time per step of 30 s.
Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was used to measure the mass loss upon heating a sample.
About 50 mg of powder was taken for TGA using a Mettler-Toledo TGA/SDTA 851 balance
with a 10°C/min ramp from 30°C to 900°C under a constant 30 ml/min flux of nitrogen. The
amount of CH was determined using the tangent method on the normalised curve. The loss of
water around 650°C was assumed to be dehydroxilation of Ca(OH)2 to form CaO and H2O.
Isothermal calorimetry
Isothermal calorimetry was conducted on samples in order to measure the heat flow released
during hydration of the paste samples. A Thermometric TAM AIR calorimeter was used. It
measures up to 8 channels simultaneously with a range of -600 to 600 mV. An amount of
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water (4.14 g) of approximately equivalent specific heat to 10 g of cement paste was used
as a reference (assuming water:binder = 0.4), even for blended systems. Experiments were
conducted at 20°C in a room cooled at ≈ 20°C.
XRF
X-Ray Fluorescence (XRF) is a method to obtain a basic chemical analysis of the oxides in a
sample by analysing characteristic X-Rays that are reemitted after being hit by an incident
X-Ray beam. Measurements were provided by APC Solutions SA in Denges, Switzerland.
3.4 Definition of C–A–S–H morphologies
The present work provides numerous observations of the morphology of the C–A–S–H phases
in blended pastes and in synthetic samples. The following terminology (Figure 3.2) was used to
describe it. Ip designates the inner product C–A–S–H and the Op designates the outer product
C–A–S–H. The fine or coarse “foil-like” terminology is due to Richardson, e.g. [21].
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Figure 3.2: C–A–S–H morphologies observed in pastes and defined in the thesis.
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4 Assessing the C–S–H composition in
matured paste samples
4.1 Introduction
A study was done to determine the optimal conditions for assessing C–S–H composition in
SEM. New modern silicon-drifted detectors (SDD) for EDS allow the use of lower beam currents
and which are critical for cements as they are very sensitive to electron beam irradiation. It
was important to get the best estimation of the C–S–H or C–A–S–H composition in pastes by
SEM, because TEM requires different efforts for sample preparation and analysis, and have
different representativeness for samples. The problem of intermixing of C–A–S–H with other
phases in the interaction volume of the SEM can in fact be dealt with in many systems by a
suitable consideration of the data.
Wavelength-dispersive spectrometry (WDS) is usually considered superior in energy resolution
for quantitative analysis but it requires high electron doses which damages cementitious
samples. EDS analyses can be made at low electron doses and are preferred for hydrated
samples.
Most of this study was made on a 5 year old cement paste prepared by V. Kocaba [36], a white
cement (cement A) hydrated for five years at room temperature with water:cement ratio of 0.4.
The effect of various acquisition parameters and data treatments for assessing the C–S–H
composition was examined. The composition obtained in the SEM and TEM were compared
for the white cement paste, and for two other samples which were a grey cement (PC) paste
hydrated for 90 days and a sample of white cement blended with 40% slag hydrated for five
years (A-S8).
Sources of variability of results using energy dispersive spectrometry (EDS) in an
electron microscope
The C–S–H composition may be estimated from direct EDS analyses in bulk samples in the
scanning electron microscope (SEM) and for thinned specimens in the transmission electron
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microscope (TEM).
Because of the interaction volume in the SEM, each measurement is likely to contain infor-
mation from both C–S–H and other phases and bias results with increasing high voltage [61].
Quantitative analysis is only possible for flat specimens [62, 63] because matrix corrections
cannot account for the surface roughness of fractured surfaces where the Ca:Si ratios obtained
are wrong [64, 65]. The fact that hydrates are susceptible to electron beam damage means that
the results may also be sensitive to the counting time [66] and the beam current.
The analysis of C–S–H in electron transparent samples provides a method to measure “pure”
C–S–H, but this advantage is outweighed by the difficulty, time consuming nature and expense
of sample preparation and the much lower availability of TEM instruments compared to SEM.
In TEM beam damage is also critical [9, 67], but can be limited by the use of low currents and
rastering of the beam (typically by using the scanning “STEM” mode).
Finally, there are several instrumental errors and statistical variations which cumulate and
may limit precision and accuracy [68, 69]. These sources of errors are reduced by appropriate
use of a standards database acquired in the same conditions as for the sample.
Disagreement between SEM and TEM analyses have been reported which may be attributed
to the problem of intermixing [70]. However discrepancies may also arise from the way in
which the average C–S–H composition is determined. Technical improvements in SEM-EDS
and TEM-EDS which allow usage of lower electron doses have the potential to improve the
agreement between both methods. In particular, Silicon Drift Detectors (SDD) have become
available, which have greatly improved EDS analysis in the SEM. Their increased active surface
and thermal stability enable the use of low beam currents and low exposure times while record-
ing sufficient X-ray counts in each spectrum. The same applies to modern TEM instruments
which have begun to integrate such detectors.
Samples and specimen preparation
The white cement and white cement blended with 40% slag are the same samples discussed
more in detail in Chapter 5. They are matured samples hydrated for five years under distilled
water at room temperature and with water:binder = 0.4. The grey cement is the same as in the
PC series discussed in Chapter 6. It was hydrated for 90 days at room temperature and with
the same water:binder of 0.4.
All samples were prepared according to the methods described in Chapter 3. A particular
precaution for the TEM samples were is that the ion thinning was done with low energy Argon
beams (no more than 1.5 keV).
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4.2 Microscopes and analysis methods
Details on the experimental parameters for the electron microscopes
A scanning electron microscope and a transmission electron microscope with an integrated
STEM mode were used in the study of this chapter. Both are equipped with one or several
modern SDD EDS detectors.
All SEM results were obtained on a FEI Quanta 200 SEM equipped with a tungsten thermionic
filament. It was operated at 15 kV with a spot size small enough to have a sufficient backscat-
tered electron (BSE) image resolution (to allow the user to reasonably position the EDS points)
and a relatively low beam current (0.7-0.8 nA as measured with a Faraday cage), but high
enough to achieve 12-15,000 counts per second in hydrate phases. 15 kV was also chosen
to have a sufficient overvoltage with respect to Fe − the element with the highest transition
energy in cementitious samples. With an incident energy of 15 keV, and the Fe-Kα of 6.39 keV,
the overvoltage U/U0 = 2.35 is sufficient to well ionise iron. The detector was a Bruker AXS
XFlash®Detector 4030 (with an active surface of 30 mm2). The dead time in EDS under these
conditions was less than 1%. In a study which used the 4040 model of our detector, Ritchie
and coworkers showed that 10% deadtime or less was recommended for quantitative analysis
[71] but warned that the situation is “not clear-cut”. The Esprit software allowed definition of a
number of counts rather than only a counting time. This allowed comparison of statistically
equivalent points despite possible variations in current. Normalisation of the intensities by
the pseudo beam current (the “system factor” as defined by Bruker) was done prior to the
analyses by measuring X-ray peak intensities from a copper film placed on the metallic sample
holder. This was done each time the filament is switched on and every two hours to limit
the effect of varying beam current. A predefined list of elements (O, Na, Mg, Al, Si, P, S, Cl, K,
Ca, Ti, Fe) was used for identification and quantification as it facilitates calculations when
treating several hundred points from the same sample. For each spectrum the background was
automatically modelled and subtracted, each peak was deconvoluted using a Gaussian fitting
and then quantified using the φ(ρz) matrix correction scheme with standards which include
typical oxides and metals relevant to cementitious materials. They include compounds such
as wollastonite, jadeite, silica and alumina.
The TEM was a FEI Tecnai Osiris™ (CIME, EPFL) with a high brightness XFEG source. The set
up was optimised for cementitious materials [39]. The following settings were found to be best
for imaging and EDS mappings with minimum degradation of the sample: the microscope
was set to 80 kV in scanning mode (STEM) with a large spot size and adjusted to yield a
low beam current (0.160 nA or less with a high gun lens). The beam was set in nanoprobe
mode and scanned the sample line by line as in a SEM. Images on thin regions were acquired
simultaneously in bright field (BF) and high angle annular dark field (HAADF) mode. Both
contrasts are useful to observe features in the sample. EDS was carried out using a set of four
windowless FEI Super-X SDD detectors integrated into the pole piece (Figure 4.1). However,
only two were switched on and the sample was tilted by α = 20◦ to emulate a traditional
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geometry better suited for quantitative X-ray analysis. This is because by tilting the sample
towards the detector this limits absorption effects due to the shadowing of the detector by
the sample (Figure 4.1). Areas were selected for analysis. The count rate was quite sensitive
to the thickness of the sample and ranged between 3,000 and 12,000 counts per second. The
areas were scanned for 10 to 15 minutes with a low dwell time per pixel of 100 µs and with
a full screen resolution of 512 pixels by 512 pixels. Drift correction was used to ensure the
microscope always analysed the same area. At each pixel the software recorded the full EDS
spectrum to create a spectral map, or HyperMap. We then could define polygonal objects
on these HyperMaps to reconstruct spectra with sufficient counts. Only the thinnest areas
were taken into consideration because quantification is only reliable in those areas (where
absorption is minimal). Each spectrum was corrected for possible thermal drift in the SDD
detectors by calibrating the energies to the zero-peak and the Ca peak (K series at 3.692 keV).
Background correction for each spectrum was done manually and C, Cl, Co, Cu were identified
for deconvolution of peaks only. The corrected spectra were quantified standardless using
the Cliff-Lorimer method [72] with a thickness chosen at 150 nm as a reasonable average.
Although EDS anaysis here is more qualitative because the thickness is not known, the use of
atomic ratios cancels errors resulting from that unknown.
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Figure 4.1: Illustration of the adopted geometry in the STEM. Using a tilting angle of 0° and
all four detectors causes some X-rays to pass through material before being detected and
causes unwanted absorption effects on the quantification (left). Tilting the sample by 20° and
switching half the detectors off removes most of this problem and improves quantification
(right).
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Data acquisition
It is difficult to estimate an average composition of the C–S–H phase in a cement paste by local
analysis methods. This is due to several reasons.
The first reason is the fact that hydration products do not significantly differ in atomic weight
because their main constituents (Ca, Si and Al) have similar atomic numbers. While anhydrous
material and large clusters of Portlandite (CH) are clearly distinct in backscattered electron
images of the SEM and in images in the TEM, most hydration products appear with similar
grey levels in BSE (for the SEM) and HAADF (for the STEM), even though both imaging modes
are designed to highlight composition and density variations.
The second reason is the scale at which the hydration products form. The dissolution and
precipitation processes favour the formation of hydration products at a very small scale (≈ 10-
100 nm). This is more problematic in the SEM because the interaction volume at 15 kV –
estimated using CASINO for a Ca-Si substrate – has a radius of about 1-2 µm at least. Each
analysis is likely to contain signal from several phases which bias the quantification result. In
the TEM this problem is largely removed.
The third reason is related to the representativeness of any given sample. It is known that
C–S–H has a variable composition within a sample as seen e.g. in an OPC paste observed in
the TEM [9]. Averaging the composition in TEM requires a number of analyses from different
areas. This is more difficult for the TEM because the samples are typically a few millimetres
wide and contain only a very small fraction of observable areas which are transparent to the
electron beam. The SEM is better suited to analyse areas several centimetres wide and collect
significantly more analyses for a given sample.
The fourth reason is the fact that we can distinguish two C–S–H products at later ages (Fig-
ure 2.7 (b), p. 18) which differ in morphology but rarely differ in composition: the inner product
(Ip) C–S–H and the outer product (Op) C–S–H. Ip C–S–H designates the product which forms
with the slow reaction of clinker grains with water and which appears as a rim of reacted prod-
uct. Op C–S–H is defined as the product which formed in the originally water filled space. The
Ip is not always distinguishable from the Op if no apparent interface like that in Figure 2.7 (b)
is observed.
Given these considerations, the following methodology was adopted to measure C–S–H com-
position by EDS spot analysis.
Sample representativeness was obtained by magnifying to 4000× in the SEM and 60,000× in
the TEM and analysing numerous areas spread through the whole sample. As a simple step
in the procedure, preliminary measurements were done on alite and belite – both of known
composition (in Ca:Si atomic ratio) to verify the stability of the EDS system before analysing
hydrates. This was usually impossible in the TEM because either no anhydrous material was
found or because anhydrous material is significantly thicker than C–S–H regions. For the study
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of cementitious materials, the use of atomic ratios is common because of the problem of
varying analysis totals. Atomic ratios include Ca:Si, Si:Ca, Al:Ca and S:Ca. When aluminium is
incorporating C–S–H, Ca:(Si+Al) ratio is used. The calcium in ratios for C–S–H was corrected,
i.e. Ca*=Ca-S when sulphate was present in the system because sulphate can be adsorbed in
C–S–H [73, 74, 75]. Representation in atomic ratios also cancels errors in quantifying oxygen
and removes variations in results due to variations in the beam current. When the two C–S–H
products were distinguishable, the Ip and Op were measured in separate datasets in both
the SEM and TEM. Points were therefore chosen manually, in such a way to maximise the
number of points overall but with a limit of ≈ 25 C–S–H analysis points per SEM image. Ip
rims less than ≈ 5 µm wide were considered too thin for reliable analysis. It should be possible
to readily remove points of C–S–H with high analysis totals − corresponding to points with
contributions from anhydrous material − e.g. above a threshold of ≈ 85%, but this was not
satisfactory as this procedure tended to remove most points. Slight variations in beam current
and the other reasons mentioned previously do not make this method robust.
Examples of EDS spectra of C–S–H (or C–A–S–H) are shown in Figures 4.2 and 4.3. Both show
the main elements of interest (Ca, Si, Al and S) which are resolvable. There are difference in
peak heights between the pure cement and the blend.
Figure 4.2: Example of a SEM-EDS spectrum of C–S–H in OPC A (5 years). The acquisition
lasted 50,000 counts.
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Figure 4.3: Example of a SEM-EDS spectrum of C–A–S–H in the A-FA2 blend (3 years). The
acquisition lasted 50,000 counts.
Beam damage
Figure 4.4 is a backscattered electron SEM image from cement A observed with a beam current
of about 0.8 nA. It was captured after short EDS point analyses at locations indicated by the
circles. Despite low beam conditions, holes are observed after exposure to the electron beam.
The centre of the hole turns black indicating material is removed due to damage, while the
surroundings show a change in contrast. The lighter shade of grey indicates a likely charge
build up and a change in the material.
In TEM, the beam was rastered (in STEM mode) to limit damage to the sample [76]. Figure 4.5
shows two HAADF images of a region of cement A. Figure 4.5 (a) is an image taken shortly after
exposing the sample. We clearly observe the characteristic morphologies we can expect from
C–S–H in cement paste. Even after 5 years of hydration we observe distinct fibrillar regions
of outer product and a dense morphology in what resembles a small hydrated grain. After 15
minutes of exposure to the beam during EDS mapping, as shown in Figure 4.5 (b), we lose
information on the morphologies which remain barely distinguishable. The microstructure has
noticeably coarsened and bubbled due to beam damage. However it is noteworthy that such
long exposure does not result in complete destruction of the microstructure. It is likely that
the electron dose (not measured here), expressed in e/Å2, was low enough to not completely
degrade the sample [77]. See [78] for discussion on damage mechanisms in both SEM and
TEM.
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Figure 4.4: BSE image of cement A. The markings indicated by a circle are damage due to
the beam dwelling at the chosen points to let the EDS detector measure characteristic X-rays
during 3 seconds.
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Figure 4.5: HAADF images of a thin region of cement A. (a) The image shows characteristic
morphologies of C–S–H found in Portland cement. There are fibrillar regions corresponding
to outer product and dense regions of inner product. There is an apparent diffuse interface
between both regions. (b) The image is the same region after 15 minutes of EDS mapping with
little damage but a loss of information due to bubbling of the C–S–H.
4.3 SEM-EDS data sorting
Atomic ratio scatter plots
Because of the intermixing problems described earlier, a useful representation to discriminate
several phases is two dimensional scatter plots of atomic ratios [79], for example in the Al:Ca-
Si:Ca and the S:Ca-Al:Ca space as illustrated in Figures 4.6 (a) and (b). Figure 4.6 (a) shows EDS
analyses from the SEM taken on regions of cement A assumed to be Op C–S–H. Here the cluster
of points is considered intermixed C–S–H as it contains information from both C–S–H and
other Ca bearing products. The other products – shown in Figure 4.6 (a) – are Portlandite (CH)
with atomic ratios of (0.00; 0.00), Ettringite (AFt) with ratios of (0.00; 0.33) and AFm (Ms, Hc
and Mc) with ratios (0.00; 0.50). To discriminate the AFm phases (monosulfoaluminate from
hemicarboaluminate and monocarboaluminate) the (Al:Ca; S:Ca) representation presented
Figure 4.6 (b) is used. Here AFt is located at (0.33; 0.50), Ms at (0.50; 0.25) and both Hc and Mc
at (0.50; 0.00).
Points are often located along tie-lines between the main cluster of points (indicated by a
dashed circle) and the theoretical atomic ratio of a corresponding phase. In Figure 4.6 (a),
the intermixing occurs mostly between C–S–H and CH and between C–S–H and AFt. In the
Figure 4.6 (b), the different representation reveals that Ms is also present, something which
was not evident from Figure 4.6 (a). The presence of both AFt and Ms were confirmed by small
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peaks around 9 and 10°2θ in the X-ray powder diffraction of the same sample. Points not
located close to the tie lines are likely to be measurements of more than two phases. In this
case, the C–S–H composition is estimated from the intersection of the manually placed tie
lines. This yields Si:Ca ≈ 0.55 and Al:Ca ≈ 0.05 for the C–S–H. There is a gap between the
S:Ca axis and the points Figure 4.6 (b), indicative of the presence of sulphate adsorbed on the
C–S–H.
Figures 4.6 (c) and (d) show the same plots as Figures 4.6 (a) and (b) however with calcium
corrected by sulphate adsorption, i.e. Ca*=Ca-S. The tie lines and dotted circles were placed at
the same locations for comparison even though the theoretical atomic compositions would
shift for both AFt and Ms. The cluster of points of intermixed C–S–H in Figure 4.6 (c) is clearly
less scattered than without the correction (Figure 4.6 (a)). It does however not change the
extreme values significantly. In this example Si:Ca ≈ 0.55 and Al:Ca ≈ 0.05, thus we obtain a
Ca:Si of 1.82 and a Ca:(Si+Al) of 1.67. Corrected values are Si:Ca* ≈ 0.56 and Al:Ca* ≈ 0.05 and
give Ca*:Si of 1.78 and a Ca*:(Si+Al) of 1.64.
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(a) (b)
(c) (d)
Figure 4.6: 2D scatter plots of SEM-EDS analyses of the Op C–S–H of cement A, measured with
50,000 counts per point. (a) Data with the x axis being Si:Ca and y axis being Al:Ca. (b) Same
with the x axis being Al:Ca and y axis being S:Ca. (c) Same data corrected for sulphate (x axis is
Si:Ca* and y axis is Al:Ca*). (d) Same data corrected for sulphate (x axis is Al:Ca* and y axis is
S:Ca*).
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Other representations
As we will see later, scatter plots are sufficient to estimate a C–S–H composition, but are not
sufficient to show subtle variations due to the experimental parameters. Histograms and
boxplots are two useful representations of atomic ratios used to describe the acquired data. As
we will also see, both the intermixing of C–S–H with other phases and true variations in C–S–H
are convoluted and impossible to separate in the SEM because we have no a priori knowledge
of the typical degree of intermixing for any given sample. Finally, the poor statistics do not
allow analysis of the data using sophisticated methods.
In box plots like on top of Figure 4.7 (a), the middle line (−) is the median value (at 50% of
all values). The edges of the boxes represent the middle quartiles of the distribution. The
whiskers indicate values between 5 and 95% of the distributions. Minimal and maximal values
are indicated by a cross (×). The square symbol (2) indicates the mean value.
Because atomic compositions are always positive, the distributions (histograms) were assumed
to be log-normal. This is evident in the box plots (e.g. Figure 4.7 (b)) which show a differing
mean (2) and median (−) value.
Figure 4.7 (b) shows the data calculated as different ratios and represented as box plots. A
comparison of the different ratios shows that the scatter of Ca:Si – given by the second and
third quartiles – is the highest and that the scatter of Ca*:(Si+Al) is the lowest. This suggests that
alumina substitution and sulphate adsorption are relevant to the atomic ratio of the C–S–H
phase rather than related to other phases. Figure 4.7 (a) shows the histogram for the Ca*:(Si+Al)
ratio and displays a skewed distribution which is therefore not Gaussian. This is suggested by
the mean value (2) higher in Ca compared to the median value (−). The box plot is shown to
scale for comparison. Because most values richer in calcium likely correspond to “intermixed
C–S–H” − values impossible to distinguish from variations of “pure” C–S–H composition −
it is reasonable to consider the left tail of both distributions as the probable value for “pure”
C–S–H, as suggested in [80].
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(a) (b)
Figure 4.7: Boxplot and histogram representations of SEM-EDS analyses of the Op C–S–H of
cement A, measured with 50,000 counts per point. (a) The Ca*:(Si+Al) ratio represented as a
histogram. The box plot of the same series is shown for comparison. In box plots, the middle
line (−) indicates the median value. The whiskers indicate 5-95% of the values. The mean is
indicated by (2). Outliers are given by (×). (b) Box plots of the Ca:Si, Ca*:Si, Ca:(Si+Al) and
Ca*:(Si+Al) ratios.
Comparison with STEM-EDS
Before looking into details of the SEM-EDS protocol, we compare results from above with the
data obtained by STEM-EDS on the same sample. Figure 4.8 shows the elemental maps for Ca
and Al cumulated during 15 minutes. The map of Ca gives detailed elemental distribution on
the different regions, while the map for Al is more noisy as it is only present in small amounts.
After EDS acquisition the data from the HyperMap was treated. This was done by placing
virtual objects (Figure 4.9 (a)) within which EDS data is cumulated from these areas to form
a spectrum with sufficient statistics. Care was taken to select the thinnest regions only as
calcium is easily overestimated in thicker regions because of absorption effects. Also, regions
were chosen with other elements such as Mg excluded (Figure 4.9 (b)). Results from TEM −
where each point was a spectrum cumulated within a chosen region− are shown in Figure 4.10
and are compared to the SEM-EDS analyses done with 50,000 counts per points. Interestingly,
most points lie within the limits of the SEM points, mostly on the upper aluminium rich part
of the cluster of C–S–H in both Figure 4.10 (a) and (b). These preliminary results suggest that
SEM and TEM do agree quite well despite the different set ups.
From the TEM analyses (Figure 4.10 (a), with each point having different total counts), we
can determine an average of Si:Ca* ≈ 0.55 and Al:Ca* ≈ 0.06 and estimate Ca*:Si of 1.82 and a
Ca*:(Si+Al) of 1.64, close to those obtained by taking the edge of the SEM-EDS points (1.78 and
1.64 respectively). The TEM seems to slightly overestimate the aluminium in the system. Poor
statistics on the peak for aluminium may be the main reason for this. However, the detectors
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Figure 4.8: Elemental maps for Ca and Al on an electron transparent region of cement A
acquired by STEM-EDS.
Figure 4.9: HyperMaps of cement A with objects placed to quantify the reconstructed spectra.
(a) HAADF contrast showing the choice of an Ip region and an Op region. (b) Combined Ca
and Mg allowing determination of pure C–S–H regions (Ip in this example).
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(a) (b)
Figure 4.10: Comparison between EDS analyses from STEM and SEM for cement A. The error
bars are calculated from the standard deviation of the series of points. Calcium is corrected for
sulphate. (a) 2D scatter plot of Si:Ca* versus Al:Ca*. (b) 2D scatter plot of Al:Ca* versus S:Ca*.
and stage have a novel geometry with large solid angles for collection which may slightly affect
quantification of aluminium [81].
Estimating the “calcium silicate” ratio from the distribution of SEM-EDS points
These results and those from two other comparisons (in the following sections) between SEM
and TEM support the idea of “pure” C–S–H being estimated from the lower end of “calcium
silicate” distributions as shown in Figure 4.11.
The sampling of an EDS point on the surface of a bulk sample will result in the acquisition
of information from an “interaction volume” far greater in size than to the beam diameter.
The interaction volume radius at 15 kV in cementitious samples is approximately 1-2 µm
wide. As illustrated in [80], this causes intermixed analysis of phases which is often towards
calcium-rich phases such as CH. Also, chemical analyses are always positive, confined to
values between 0 and 100%. Both reasons suggest that taking the log-normal representation
better takes the skewing of the distribution into account.
In SEM-EDS, the “calcium silicate” ratios were therefore calculated in the logarithmic space
and fitted with a Gaussian curve by means of a simple least square method. The mean (µ) and
standard deviation (σ) were obtained and allowed determination of a C–S–H composition by
considering the value of “pure” C–S–H as µ−2σ in the logarithmic space.
For other examples, see Figure 5.19, p. 86.
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Figure 4.11: Example of the determination of a “calcium silicate” ratio from SEM-EDS data.
The raw data is taken in the logarithmic space and fitted with a Gaussian curve. The mean
(µ) and the standard deviation of the data (σ) are used to take the fitted value of µ−2σ in the
logarithmic space.
4.4 Influence of several parameters
Automated and manual analyses
The quality of the analyses is greatly improved when the user selects the areas to be analysed.
Because hardened cement paste is such a heterogeneous material, user input is required to
best separate contributions from anhydrous phases, CH, inner and outer product C–S–H, and
other visible phases. Figure 4.12 (a) shows manually chosen analyses of cement A inner and
outer product C–S–H, which are separated into two clusters of analyses. The Ip analyses are
intermixed with CH, while the Op analyses intermix not only with CH but also with AFt and
Ms (as seen in Figure 4.6 (a)).
Two automated sets of analyses were done on the same sample using the same counting time
per point. Two scenarios were chosen to compare with manually selected points. The first
considers data acquired from a single grid of 500 points recorded at 500×magnification. It is
shown in Figure 4.13 (a) with data from Figure 4.12 (a). We cannot distinguish between inner
and outer product, results do not show the points of lower Si:Ca* and there is a large degree of
spread caused by intermixing with CH. A first approximation would therefore indicate a single
composition of C–S–H with higher calcium. The second automated scenario is done at the
same magnification as the manually selected points (4000×). Figure 4.13 (b) also compares
the data from Figure 4.12 (a) with data from a set of 5×5= 25 images each containing a grid
of 20 points. Here the trends are almost identical to the first scenario. The points contain
information from anhydrous material and mostly intermixed CH and show a lot of scatter at
lower Si:Ca*. In both scenarios the quality of analyses was decreased by the fact that interfaces
were not avoided and because CH was often measured directly. In Figure 4.12 (b), most points
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(a)
(b)
Figure 4.12: (a) Al:Ca* versus Si:Ca* plots of 90 Ip and 150 Op analyses of C–S–H from Cement
A (50,000 counts per point). (b) BSE image of cement A taken at 4000×magnification. Points
in these examples were placed manually. Points number 167 and 180 were intentionally placed
at an interface as an example of unsatisfactory point placement.
have been manually placed at a sufficient distance from the interfaces. Points 167 and 180
however will yield a high calcium concentration because it will contain information from both
CH and C–S–H. Automated analyses will therefore contain a significant proportion of such
points which bias the measurements and which contain less useful data such as CH points.
It is therefore recommended to avoid automated selection of points for these reasons. A
reasonable protocol is to measure at least ten different areas of interest at high magnification
(at least 4000×) and well spread across the sample. No more than 10-15 points per C–S–H
product points should be recorded in each region. For the TEM, it is advantageous to analyse as
many thin regions as possible as the total potential analyses is limited by the total area which
is electron transparent. The methodology for SEM-EDS analyses has proven to be satisfactory
in obtaining a reproducible dataset for several experiments.
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(a) (b)
Figure 4.13: Two automated grid analyses of cement A. (a) Same data as in Figure 4.12 (a), with
additional data acquired from one low magnification (500×) image on which a rectangular
grid of 500 points was placed prior to analysis. (b) Same data as in Figure 4.12 (a) with data
from 5×5= 25 images each containing a rectangular grid of 20 points. Each image was taken
at 4000×magnification.
Number of measured point analyses per sample
The results in Figure 4.14 show the influence of the number of manually chosen points taken
into consideration for the data treatment, both for the inner and outer product of cement A.
A total of 400 points were acquired in a single session, and each set of points (100, 200 and
350 points) was chosen at random from the complete set of data. They are compared for
identical conditions of 75,000 counts per points (≈ 6 seconds of counting time). Box plots
show the data for both the Ip (Figure 4.14 (a)) and the Op (Figure 4.14 (b)). Both the median
value and the minimum value are stable for both the Ip and Op. The mean value however is
slightly sensitive to the number of analyses, and shows no correlation with the number of
points. This further indicates the random occurrence of intermixing. If the minimum value is
considered, Ca*:(Si+Al) ≈ 1.60 and 1.55 for the Ip and Op respectively. These results suggest
that manually choosing approximately 100 points should be sufficient to estimate the atomic
composition of C–S–H. The value at 95% of the data which increases with the number of points
of the Op (Figure 4.14 (b)) suggests that increasing the number of points increases the chance
of measuring strongly intermixed CH. The same argument does not seem to apply for the
probability of measuring a “pure C–S–H” region as the bottom whisker does not depend on the
number of points. The manual selection of points – based on backscattered electron images –
likely has to do with the stable minimum value.
51
Chapter 4. Assessing the C–S–H composition in matured paste samples
(a) (b)
Figure 4.14: Box plots of different datasets. Influence of the number of points (100, 200 and 350)
taken into consideration when representing the data from Cement A (acquired with 75,000
counts per point). The whiskers represent the 5-95% of the data. (a) Inner product. (b) Outer
product.
Counting time
Figure 4.15 shows results on the influence of counting time (expressed as kilocounts per
analysis point or kcp). This was varied from 20 to 300 for analyses of both the inner product
C–S–H (Figure 4.15 (a)) and the outer product C–S–H (Figure 4.15 (b)). The data shows an
influence of the counting time on the median value, bottom whisker (at 5%) and minimum
value (×). Generally there is an increase in atomic ratio between 20,000 and 150,000 counts.
Doubling the counting time from 150,000 to 300,000 does not affect the measurements in
the Ip. The effect of counting time has a stronger influence on the measurements of the Op
(Figure 4.15 (b)). Here the bottom whisker and minimum value increase with counting time
up to 150,000 counts. The results in the Op for 300,000 differ from the trend and could not be
explained. Despite the variations observed in atomic ratios, the total dose (current × exposure
time) does not seem to be the most critical factor considering the order of magnitude between
the lowest and highest counting time.
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(a) (b)
Figure 4.15: Results from EDS analyses of Cement A for different counts per analysis (counting
times), i.e. 20,000 to 300,000. (a) Ca*:(Si+Al) results from the Ip. (b) Ca*:(Si+Al) results from
the Op.
Beam current at constant counting statistics in SEM
Because The FEI Quanta 200 SEM does not have a direct control of the current, it was increased
by changing the spot size and then estimated using the system factor. Changing the spot size
changes the current but also the diameter of the beam. In our SEM, the system factor given in
arbitrary units is measured on a Cu film before each session. Tests showed that the system
factor is related to the beam current by a factor of ≈ 8. If the factor was 5.93, the beam current
is reasonably estimated by 5.93/8 ≈ 0.74 nA. Using this information, the effect of the beam
current was investigated.
In a series of acquisitions made during a same session − i.e. without switching the beam off −,
the spot size was varied to increase the beam current from ≈ 0.74 to 2.75 nA. Analyses were
made of the Ip and Op (≈ 100 points in each product and for each current) and with constant
counting statistics of 50,000 counts per analysis. Results shown in Figure 4.16 suggest that the
beam current here does not have a significant effect. For one, the total dose is kept constant
because the counting time was fixed by the total number of X-ray counts. Typical acquisition
times were 1 second (at high current) to 4-5 seconds (at lowest current) and are likely short
enough to prevent serious damage. However this is probably due to the tungsten filament
electron source. Unlike field emission sources, increasing the current does not necessarily
increase the current density in these experiments. When the beam of electrons is more spread
out at higher currents, we do not expect significantly more damage. This is reflected here by
the fact that the whiskers at 5% (bottom whiskers) do not vary.
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Figure 4.16: Effect of the beam current (≈ 0.74, 1.5 and 2.75 nA for system factors of 5.93,
11.74 and 21.92 respectively) at constant counting statistics of 50,000 counts per point, on
measurements of cement A. It is shown for both the inner product (left) and the outer product
(right).
Damage mechanisms in SEM and TEM
Discussing damage mechanisms is difficult because of the limited knowledge on the properties
of C–S–H. Radiolysis is the likely dominant mechanism occurring in hydrate phases because
such damage is limited by the use of a cooling stage – as it was done in a hydrated C3S paste in
[77] – or by rastering the beam. In the TEM, the crystallinity of the C–S–H only appears with
limited current density. Below the threshold current density, the total dose (exposure time
× current) is the determining factor. Using the same STEM (in TEM mode for this example),
the crystallinity of C–S–H was qualitatively observed (Figure 4.17 (a) and (b)) in a synthetic
sample of aimed Ca:Si = 1.0 prepared at 20°C and equilibrated for 180 days (sample from
E. L’Hôpital). Without a cooling stage and with a beam current of ≈ 0.160 nA, the sample was
quickly observed in diffraction mode before damage extinguished the faint diffraction spots
after less than 20 seconds. Removal of bound water in C–S–H is also an important mechanism.
In another synthetic sample (Figure 4.17 (c) and (d)), the C–S–H was prone to shrinkage
after 10-15 minutes of scanning the beam (STEM mode) for EDX analysis. This shrinkage is
attributed to the dreikerketten structure of C–S–H in which the interlayer spacing will change
upon dehydration under the electron beam as shown by thermal dehydration of tobermorite
[82, 26].
A decrease in Ca due to damage has been observed in the TEM [83] in a hydrated C3S paste.
The opposite trend is however suggested in the SEM and is not understood. Here, the results
were not affected by an increase of beam current (at constant total dose). Had the experiments
been done at constant counting time, we would expect more damage to occur. Also, the
use of a tungsten filament with a fairly constant current density likely prevented damage to
occur because the current density was not above a critical value for cement hydrates. Results
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Figure 4.17: Example of diffraction and shrinkage observed by TEM and STEM. (a) Synthetic
C–S–H (E. L’Hôpital) showing some diffraction spots immediately upon exposure to the beam.
(b) The spots of the same sample fade as the diffraction ring is more evident after 20 seconds
of exposure. (c) A similar sample shown immediately upon exposure to the beam in STEM
mode. (d) The same sample as in (c) after 10-15 minutes of exposure in STEM mode. The
beam current was ≈ 0.160 nA in all cases.
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emphasize the need for low-dose experiments. In particular, counting time is better chosen as
a fixed number of X-ray counts rather than acquisition time.
Choice of counting time
The shortest counting time (20,000 counts) shows that the peaks for Ca, Si and Al contain
(with background) ≈ 6,000, ≈ 3,500 and ≈ 511 counts respectively. Because X-ray generation
obeys Poisson statistics – which can be approximated by a normal distribution given the high
number of counts – the standard deviation σ for a distribution having a mean value N is given
by [69]
σ=
√
N (4.1)
The relative standard deviation σ
N
is 0.013 (Ca) 0.017 (Si) and 0.045 (Al). In order to maximise the
precision which increases with counting time 300,000 could be chosen. However, as standards
are used and because of the problem of damage, an ideal value seems located between 40,000
and 75,000 counts in this case. A compromise of 50,000 per analysis is reasonable for the setup
in our laboratory. It has the advantage of increasing the number of points acquired per session
compared to the use of longer counting times.
Two other comparisons between the SEM-EDS and STEM-EDS
In order to further validate the method, SEM-EDS and STEM-EDS measurements were done
on a paste of PC hydrated for 90 days and a blend of cement A with 40% of slag 8 hydrated for
5 years.
Measurements taken in both Ip and Op areas of PC are represented in Figure 4.18. Calcium
corrected measurements show a very good agreement once again despite an overestimation of
aluminium in STEM measurements. Both Ip and Op averages lie on the extreme values from
SEM.
A blend of cement A with 40% slag 8 (hydrated 5 years) was also compared in both microscopes.
We see in Figure 4.19 a good agreement between the average STEM-EDS values and the edge
of the cloud of SEM-EDS points.
A comparison can be made by using unbiased values taken from the log-normal distribution
of Ca*:Si and Ca*:(Si+Al). Let µ be the mean and σ the standard deviation of the fitted distribu-
tions, the value at 5% (ca. the edge of the cloud of points) is≈ µ−2σ. Using this method we get
the following comparison for all three samples (Figure 4.20). Cement A (Figure 4.20 (a)) shows
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(a) (b)
Figure 4.18: Sulphate corrected data for PC (90 days). SEM-EDS points and STEM-EDS points
are compared. (a) Si:Ca*-Al:Ca*. (b) Al:Ca*-S:Ca*.
(a) (b)
Figure 4.19: Sulphate corrected data for cement A blended with 40% slag 8 (5 years). SEM-EDS
points and STEM-EDS points are compared. (a) Si:Ca*-Al:Ca*. (b) Al:Ca*-S:Ca*.
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an overall good correlation with a slight underestimation by the SEM of the C–S–H atomic
ratio in the Op. PC (Figure 4.20 (a)) shows a good correlation despite the fact that it contains
more aluminate and could have underestimated Ca*:(Si+Al) by the TEM. Cement A blended
with 40% slag 8 (Figure 4.20 (c)) shows a good correlation with the Ca*:Si but the TEM likely
underestimates the Ca*:(Si+Al) because of the higher alumina in the C–S–H coming from the
presence of slag.
(a) (b)
(c)
Figure 4.20: Comparison between estimated C–S–H composition (SEM) and average C–S–H
composition (STEM) for three samples. (a) White cement A. (b) PC. (c) Cement A with
40% slag 8.
These examples and the example of pure cement A discussed in detail earlier show that the
estimated C–S–H composition by SEM and TEM are similar. The main concern in both cases
is limiting damage to the cement sample, while not hindering the quality of the data.
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4.5 Summary and adopted protocol
For three matured cement pastes with water:binder = 0.4, SEM-EDS and STEM-EDS show a
good correlation when the extreme value from the SEM scatter plot is considered as “pure” or
not intermixed C–S–H. Another example, of a fly ash blend, can be seen in Chapter 5, Table 5.3,
p. 82. The use of a simple log-normal fitting allows determination of an value similar to simply
choosing the extreme value of the scatter plot. It has the distinct advantage of being unbiased
when compared to a manual determination of the end point from a scatter plot, but requires a
small fitting procedure. This however may only be valid in the case where intermixing occurs
mostly towards calcium. In systems containing silica fume (additional Si) and metakaolin
clays (additional Si and Al), the small particle size (less than a micron) often does not permit
such a straightforward estimation of the C–S–H composition. Two comparisons shown in
Figures 4.21 (a) and 4.21 (b) show that the correlation between STEM and SEM mainly depends
on the degree of reaction of the fine SCM particles in the case of silica fume. In Figures 4.21 (a)
less silica fume has likely reacted so the Op analyses are strongly intermixed with pure silica
fume. The analyses from SEM are all biased towards high Si:Ca* ratios. In the Figure 4.21 (b), it
appears that more silica fume has reacted. The high Al:Ca* could be due to poor statistics on Al
in this sample which contained very little of it. The STEM analyses fall somewhat in the middle
of the Op analyses from SEM which contain information both from low Ca*:Si C–A–S–H and
unreacted silica fume particles. These examples show that such a strong degree of intermixing
cannot be dealt with without knowledge from other techniques, e.g. 29Si MAS NMR which
could quantify the degree of reaction of silica fume.
(a) (b)
Figure 4.21: Examples of EDS analyses in silica fume blends obtained by SEM and TEM.
(a) Comparison between analyses from the SEM and TEM in a cement-silica fume blend. The
STEM analyses of the Op fall on the low end of the Si:Ca* distribution. (b) A similar comparison
in which the Op measured by STEM falls somewhat in the middle of the Op analyses obtained
by SEM. The high Al:Ca* values could be due to the low amount of alumina in the system, the
quantification of which is less precise because of low counting statistics in the STEM.
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Generally, the study in SEM and TEM of the C–S–H phase from cementitious materials is
not a straightforward process and must be done with some precaution. The conditions of
observation were optimised and discussed for a white cement sample hydrated for five years at
room temperature. Guidelines for a satisfactory protocol were highlighted and are summarised
here.
• Cementitious materials should be studied in polished sections [63], not fractured sur-
faces which induce errors in quantification as seen in [64, 65].
• TEM samples should similarly be ion-thinned to minimise absorption effects due to
varying thicknesses.
• The beam current in a standard SEM should remain in the range 0.7-1.0 nA to minimize
damage and effects on the analyses. The damage is likely to be more critical in field
emission sources which produce more focused beams, i.e. higher current density. This
can be limited by slightly defocusing the beam.
• Exposure time is dependent on the SEM and EDS detector. The exposure time should
be set up with respect to the total electron dose. Rather than setting an acquisition time,
the counting time should compensate for variations in beam current. This is done by
fixing a total number of X-ray counts as the criteria for stopping an analysis.
• Compositions should be expressed in atomic ratio in order to remove errors on oxygen
quantification and water content which decrease the analysis totals. Oxygen is there-
fore best estimated by stoichiometry. Because of substitution of silica by alumina and
sulphate adsorption occurring in C–S–H, a proper expression for the “calcium silicate”
ratio is (Ca-S):(Si+Al).
• Ratio plots are a convenient way to get an overview of the intermixed phases present in
the sample. Box plots and histograms are useful to show the distribution of values in
order to determine an unbiased value of “pure” C–S–H by considering the lower edge of
“calcium silicate” ratios.
• The TEM was optimised for the observation of cements and used in scanning mode
(STEM) to limit damage. The overestimation of aluminium in the present TEM is due to
low statistics on aluminium and possibly to the novel SDD setup. It should be improved
in the near future. Data in Chapter 5, Section 5.3 does show that the Al:Si is sometimes
estimated to be double in the STEM, but this overestimation does not seem constant for a
straightforward correction (it could also be due to strong local concentration variations).
• The estimation of C–S–H atomic composition relies on data acquired by manual choice
of the regions of interest (particularly the inner and outer product C–S–H). Points should
be measured in many zones across the sample and at sufficiently high magnification
(at least 4000× in our setup). Automated point analyses are of limited interest because
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CH and interfaces are measured. Automated analyses also cannot distinguish Ip and Op
C–S–H.
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5 Systems still containing Portlandite
5.1 Introduction
This chapter focusses on results from paste samples still containing Portlandite (CH) and
hydrated with a low solution:binder ratio of 0.4. The results show the composition of C–S–H
estimated by EDS and the corresponding amount of CH determined by TGA. The C–S–H
morphology as observed in the TEM will also be shown for a selection of the samples.
In the first part (Section 5.2), we will deal with the comparison between the grey cement (PC)
and alite (MC) hydrated for 90 days at different temperature (10, 20 and 38°C) and, in the case
of alite, with increasing amounts of potassium hydroxide (0, 0.1, 0.5 M KOH) to emulate a
model cement with realistic amounts of alkali.
The second part (Section 5.3) deals with matured systems which are binary blends made with
cement and 40% slag, 30% fly ash and 10% silica fume (see Section 3.1 in Chapter 3). The
blends have reacted for 5 years (cements and slag blends) and 3 years (cements with fly ash,
cements with silica fume).
5.2 OPC and alite pastes
Comparison between alite and OPC
Microstructure of the pastes. Figure 5.1 shows the similarities and differences between a
grey cement and alite paste (0.5 M KOH). The typical heterogeneous microstructure of the
OPC B can be seen in Figure 5.1 (a) with unreacted grains showing high electron backscattering
(white grey levels). CH (in light grey) is dispersed in the sample and C–S–H (dark grey) forms
most of the matrix. CH can appear as platelets (dashed box) [84]. Black indicates the presence
of porosity. Another view with higher magnification (Figure 5.1 (b)) illustrates the presence of
unreacted alite around which inner product (Ip) C–S–H has formed and outer product (Op)
C–S–H which formed within the originally water-filled space. Op C–S–H is highly intermixed
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with other phases such as AFt and AFm phases. Also, the Op appears more porous than the Ip.
Figure 5.1 (c) shows the microstructure of alite (0.5 M KOH) hydrated for 90 days. Here large
clusters of CH form, and seem to hinder the hydration of grains which are surrounded by CH
[84, 85]. No platelets seem to from. The difference between the Ip and Op regions is more
contrasted (Figures 5.1 (d)) because the Op seems more porous compared to the grey cement.
The very small hydrated grains are easier to observe because one can notice the thin layer of
Op C–S–H which grew from the surface of the alite grain (see example in the dashed square).
Small grains like this example often have small hollow shells in the centre [84]. These form
in cement pastes but are not clearly visible in the grey cement (Figure 5.1 (b)). In this sample
there is porosity between the Op regions and between the Op C–S–H and CH regions.
Figure 5.1: (a) BSE image of OPC B (90 days, 20°C, w:c = 0.4). (b) Higher magnification image
of the same sample. (c) Alite paste (0.5 M KOH, 90 days, 20°C, w:c = 0.4). (d) Same paste at
higher magnification.
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Morphology of the C–S–H. The morphology of the C–S–H was also studied by TEM (in
scanning, or STEM mode). Figure 5.2 (a) shows the PC sample with packets of fibrillar C–S–H
with typical directional morphology (indicated by white arrows), dense Ip in the outer part of
the small grain (between dashed lines) and the inner part of the grain resembling fine foils.
Relics of AFt (or AFm) such as that indicated by a black arrow can be seen. Here the fibrils
seem to fan out as it was noticed previously [9].
The same alite sample shown previously with 0.5 M KOH (Figure 5.2 (b)) shows similarities
with the cements. Dense Ip and fibrillar Op are observed. However, the fibrils seem to grow
in straight packets rather than fan out like in the OPC systems [examples of C–S–H in C3S e.g.
Fig. 25 in [8], Fig. 6 (a) in [21] and images from early age samples in [39]].
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Figure 5.2: (a) BF image of PC T20 (90 days, 20°C, w:c = 0.4). (b) Alite (0.5 M KOH,
90 days, 20°C, w:c = 0.4) paste.
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Composition of the C–S–H. The Ip and Op C–S–H composition were estimated for the alite
hydrated with 0.5 M KOH and compared to the grey cement (Figure 5.3). Here we see that
despite the correction of calcium by sulphate, the amount of calcium in the atomic composi-
tion of C–S–H in plain alite with same water:binder = 0.4 is consistently lower than in cement.
Ca*:Si ≈ 1.60 for both Ip and Op, while Ca*:Si ≈ 1.80 for the C–S–H in the PC system shown
here. The large error bars are due to the fact that intermixing is usually higher in the Op where
CH phases are also measured within the interaction volume in the SEM. In cement the inter-
mixing can also occur with AFt and AFm. When alumina incorporation is taken into account,
the C–S–H, or C–A–S–H in alite has Ca*:(Si+Al) ≈ 1.50 compared to Ca*:(Si+Al) ≈ 1.60-1.65 in
the PC. There is no difference between the composition of the Ip and Op of the PC.
The sulphate may play a role in explaining some of the differences in morphology given the
fact that they are strongly adsorbed at early age [37] and because of results on early age alite
pastes show “flower” shaped C–S–H particles in fractured surfaces observed by secondary
electron imaging [86]. The sulphate may have an impact on the composition, either because
the 1:1 correction may not exactly correspond to reality or because another mechanism is
causing the cement to have a higher Ca*:Si ratio. For example, assuming that sulphate hinder
the growth of CH [87] and therefore decrease the final amount observed in the paste, the
Ca*:Si would have higher values because there is an intimate link between CH growth and
the growth of C–S–H [88, 39]. The results on alite-silica fume blends presented in Chapter 6
actually suggest that the combined presence of gypsum and aluminate may have an effect on
the Ca:Si ratio of C–S–H formed from hydrated alite and increase the Ca:Si while decreasing
the total CH present.
Figure 5.3: Comparison of Ca*:Si (Ca* = Ca-S) and Ca*:(Si+Al) in non-blended pastes hydrated
at 20°C water:binder = 0.4. The alite paste was hydrated with 0.5 M KOH.
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Influence of temperature on alite and PC reference systems
Alite (0.5 M KOH) and grey cement samples hydrated at 10, 20 and 38°C and are compared in
the SEM (Figure 5.4). In the alite systems with 0.5 M KOH, temperature does not seem to have
a particular effect. The high porosity of the sample hydrated at 20°C (Figure 5.4 (c)) and seen
in Figures 5.6 (e) is qualitatively similar to that in the samples hydrated at 10°C (Figure 5.4 (a))
and 38°C (Figure 5.4 (e)).
In the grey cement series, the temperature has no visible effect on the porosity of the system.
(Figures 5.4 (b), (d) and (f)).
A closer look at the histograms of the grey levels in the SEM images of the alite shows that
the C–S–H relative brightness as defined in [89] increases from ≈ 0.45 in alite at 10 and 20°C
to ≈ 0.50 in the same sample at 38°C. In the grey cement, the same relative brightness does
not increase significantly. Values for 10, 20 and 38°C are 0.510 ± 0.009, 0.524 ± 0.008 and
0.526 ± 0.011 respectively. For alite, the increase in C–S–H relative brightness at 38°C suggests
that the C–S–H is denser. For the PC samples, all relative brightness values lie within the
standard error of the mean value and do not suggest an increase in C–S–H density as in [89].
However, the range of temperatures is smaller than in [89]. The low reactivity of the grey
cement and the fact that the water was initially at room temperature can also explain the very
small changes.
In both series, the distribution of CH did not change noticeably with temperature. The amount
of CH does not vary with temperature either, assuming an error of± 1% on TGA measurements.
The composition of C–S–H in pure alite and PC does not appear to vary with temperature
as shown previously in [89] for cement pastes hydrated from 5 to 60°C. The alite (MC) com-
position is Ca*:Si ≈ 1.60 and Ca*:(Si+Al) ≈ 1.50 (Figure 5.5 (a)), and is Ca*:Si ≈ 1.70-1.80 and
Ca*:(Si+Al) ≈ 1.60 for the grey cement (PC) (Figure 5.5 (b)). The systematic difference in com-
position between alite and grey cement is also observed at lower and higher temperatures.
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(a) (b)
(c) (d)
(e) (f)
Figure 5.4: SEM images of pastes (matured 90 days with solution:binder = 0.4) of
alite (0.5 M KOH) hydrated at (a) 10°C, (c) 20°C, (e) 38°C and of PC hydrated at
(b) 10°C, (d) 20°C and (f) 38°C.
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(a) (b)
Figure 5.5: Ca*:Si and Ca*:(Si+Al) of pastes (matured 90 days with solution:binder = 0.4) of (a)
alite (0.5 M KOH) hydrated at 10, 20 and 38°C and (b) PC hydrated at the same temperatures.
Influence of alkali on alite hydrated at 20°C
Figure 5.6 shows both SEM and TEM images for the samples, with Ip and Op in each image.
Three samples containing 0 M KOH (Figures 5.6 (a), (b)), 0.1 M KOH (Figures 5.6 (c), (d)) and
0.5 M KOH (Figures 5.6 (e), (f)) show slightly different Op regions, however with no possible
assessment of the effect of alkali on the space-filling ability of the fibrils. The case of alite with
0.5 M KOH (Figures 5.6 (e), (f)) for example shows that the fibrils observed by TEM do not fill
the entire space. This is reflected in the SEM image where the regions between alite grains or
between CH and alite grains appear darker. For any given sample, the observations by SEM
correspond well to those in TEM in terms of apparent porosity observed in the SEM and the
space-filling ability of fibrils observed in the TEM.
The composition of C–S–H (Figure 5.7) seems to be slightly affected by the presence of alkali
with values of Ca:Si ≈ 1.50 for pure alite and ≈ 1.60 in presence of 0.1 and 0.5 M KOH. Here
the final amount of CH was ≈ 19% in absence of alkali compared to about 17% for alite with
alkali. In the case where more CH formed, the Ca:Si was lower. However the differences here
are barely significant.
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(a) (b)
(c) (d)
(e) (f)
Figure 5.6: SEM images of alite with (a) 0 M KOH. (c) 0.1 M KOH. (e) 0.5 M KOH.
TEM images of the same sample with (b) 0 M KOH. (d) 0.1 M KOH. (f) 0.5 M KOH.
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(a) (b)
Figure 5.7: (a) Ca:Si ratio of the Ip and Op C–S–H in alite with 0, 0.1 and 0.5 M KOH.
(b) Ca:(Si+Al) ratio of the same samples.
Alumina content in C–A–S–H for alite and PC reference systems
The Al:Si ratio in the C–S–H (or C–A–S–H) phase was determined from the EDS points and
taken as the mean of the distribution of points (Figure 5.8). It was considered a normal
distribution and the error bars show the variability in results expressed as ± σ (standard
deviation).
The alite systems show that the Al:Si ratio is lower in the Op than the Ip while the opposite
occurs in the cement, the Ip has a lower Al:Si ratio than the Op. The only source of alumina for
alite systems being the alite itself, alumina may more easily enter C–S–H in the inner product
regions.
For alite (Figure 5.8 (a)), the Al:Si in the Ip is ≈ 0.07-0.08 and ≈ 0.05 in the Op. Only the sample
hydrated with 0.5 M KOH and at 38°C has similar Al:Si in both the Ip and Op. Overall the ratio
is constant in pure alite systems. Knowing that the total Al:Si in the alite preparations was
≈ 0.05, the results are consistent with only slightly higher values in the Ip.
Figure 5.8 (b) shows results for alumina in the PC samples which hydrated at the three tem-
peratures. Here the alumina in Op C–S–H is greater in the Op in all samples. The PC series
shows Al:Si of ≈ 0.10-0.11 in the Ip and ≈ 0.14-0.15 in the Op. The increased alumina content
in the Op C–S–H is likely to be linked to the aluminate phases present in the raw clinker and
the presence of aluminate hydrates (AFt, AFm) finely intermixed in the Op. Also, the higher
Al:Si in the Op could be linked to the initial increase in aluminium concentration available in
solution during the massive growth of Op C–S–H at early age. As it will be shown in Section 5.3,
the alumina in C–S–H seems to be correlated to all available sources of alumina as seen in
matured systems.
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(a) (b)
Figure 5.8: Al:Si of pastes (matured 90 days with solution:binder = 0.4) of (a) alite (0, 0.1,
0.5 M KOH) hydrated at 10, 20 and 38°C and (b) PC hydrated at the same temperatures.
Summary on pure alite and PC pastes
We have compared the microstructure of alite and OPC pastes of solution:binder = 0.4 hydrated
for 90 days. The morphology and composition of the C–S–H were characterised by SEM-EDS
and STEM.
Alite pastes appear more porous in the SEM and TEM microstructure compared to cement
and shows large clusters of CH and no platelet shaped particles. Alite systems have fibrillar
Op C–S–H which does not appear to fill space as efficiently as the PC systems and which
forms in straight packets. Small grains (less than ≈ 10 µm) show hollow shells. Temperature
has no effect on the composition of C–S–H. Alkali may slightly increase the Ca*:Si compared
to pure alite without alkali where the Ca:Si is ≈ 1.50 instead of 1.60 in all other alite pastes,
however this was not verified in more than one sample per series. Temperature and alkali
have no quantifiable effect on porosity in these samples. Alite has C–S–H with a lower Ca*:Si
(and Ca*:(Si+Al)) than PC. The roles of both sulphate and aluminate phases may be central
in explaining the higher Ca*:Si ratio in cement, the fibrils which fan out in cement and the
different growth of CH which forms platelets in its presence in cement samples. Results from
recent work [86, 90] on early age samples support this view. In their samples, “flower-like”
morphology appear in SE (secondary electron) imaging of hydrated alite or clinker grains in
presence of sulphate in solution. It was also showed [90] that the depletion of gypsum was
responsible for a change in morphology seen in the SEM.
Cement pastes show fibrillar structures for the Op which fan out compared to alite pastes. The
distribution of CH is unlike alite where clusters of CH are smaller and more finely distributed.
The microstructure is more complex and appears to have used space more efficiently. The
Ca*:Si and Ca*:(Si+Al) is higher than in alite.
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In pure alite, the alumina is more incorporated in the Ip of alite. More alumina incorporates the
Op of cement. Temperature does not affect the composition of the C–S–H with the exception
of the Al:Si in alite which is similar in both the Ip and Op at 38°C. The observed differences
seem linked to the mobility and overall availability of aluminate phases.
5.3 Matured systems with SCMs
The following blends are matured samples from previous work in our laboratory [36]. They
were left to react up to 3-5 years under water at room temperature (≈ 20°C).
Summary on raw materials and blends
The raw materials are shown in a simplified Ca-Si-Al ternary diagram (Figure 5.9). Here are
shown the five blends which are − aside from the references with 100% cement A,B or C, −
cement with 40% of slag 01 or slag 08, cement with fly ash 01 or fly ash 02 and cement with
10% silica fume. See complete list of materials and samples in Chapter 3, Section 3.1, p. 25).
The C–A–S–H in series A (white cement binary blends)
Images of the microstructure of binary blends seen by SEM are similar regardless of the cement
used and will not all be shown. Microstructural results will be shown for the series A. The
composition of the C–A–S–H (C–S–H with alumina) will however later be shown for all three
series A, B and C.
Microstructure by SEM. Figures 5.10 and 5.11 show the microstructure of binary blends
made with cement A and different SCMs. In all blends the appearance of the Op is qualitatively
different from that of the OPC reference shown in Figures 5.10 (a) and (b). This is more
evident from the images at higher magnification shown in Figures 5.10 (b), (d) and (f) and
Figures 5.11 (b), (d) and (f). While not measured here, it is known that the porosity can be
refined by the presence of SCMs even though the total amount of porosity increases. An
example can be found e.g. in [91].
Both blends with slag 1 and slag 8 shown in Figures 5.10 (c)- (d) and Figures 5.10 (e)- (f) re-
spectively. They contain numerous angular slag grains which have reacted to a certain extent,
forming rims of Ip in a similar manner to that of cement clinker. As in cement clinker after
several months, small slag grains may have completely reacted. The Ip in slag grains is darker
than in clinker essentially because it is finely intermixed with hydrotalcite-type phases [40].
CH is present in large amounts in the microstructure.
With 10% of added silica fume, (Figure 5.11 (a)) the consumption of CH is obvious when
comparing to the cement reference (Figure 5.10 (a)). Some CH is still present as small finely
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Figure 5.9: Ternary diagram with the matured samples and raw materials. The three OPCs and
five SCMs are indicated by circles and the blends are indicated by crosses along the dotted
lines corresponding to each binary blend.
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dispersed clusters. There are numerous small hydrated grains which have a darker core.
The microstructure of blends with fly ash 1 and 2 shown in Figures 5.11 (c)- (d) and Fig-
ures 5.11 (e)- (f) respectively. The microstructure is rather complex due to the fact that fly ashes
are often a mixture of several classes of particles. This is already apparent when observing the
different grey levels in fly ash grains. The typical round shaped particles are seen throughout
the matrix and some have reacted. The large particles seem to have a rim of Ip which is un-
fortunately too thin to analyse in the SEM. Fly ash particles can appear hollow. There are no
significant differences between the fly ash 1 blend and the fly ash 2 blend.
Morphology of C–A–S–H by TEM. Three samples from the series with cement A were studied
by TEM (in STEM mode). STEM images are shown in Figures 5.12 and 5.13. An image (in
HAADF contrast) of the OPC A sample is shown for reference in Figure 5.12 (a) where both the
dense Ip and fibrillar Op C–A–S–H are shown. In the blends, we observe both the fibrillar and
foil-like morphology. Fibrils form on the original clinker grains and on the surfaces of SCM
particles. Fine foil-like morphologies are observed far from the clinker surfaces, within clinker
Ip regions and within slag grains. Coarser foils are observed in the fly ash grains.
Figure 5.12 (b) shows fibrillar Op in the OPC A blended with 40% of slag 8. The fibrils grew
from the surface of a clinker grain (as seen by the presence of AFt or AFm relics) while the Op
in Figure 5.12 (c) −which formed not at the interface of the clinker grain to the bottom left of
the fibrillar region of Figure 5.12 (b)−mostly has a very fine foil-like morphology similar to the
morphology of small hydrated grains in OPC. EDS analyses of both regions showed differences
in C–A–S–H composition. Figure 5.12 (d) of the same sample shows a small hydrated slag grain
in which the compositional gradients were made visible by using the Mg map (Figure 5.12 (e)).
We can observe the presence of Mg-rich regions (dark spots and the outer part of the slag
grain), hydrotalcite-like phases (“HT” in the image) and fine directional foil-like Ip in the
centre of the slag grain. Here the Mg map allows choice of the pure C–A–S–H region from the
centre. Fibrillar Op was often observed at the surface of the slag grains.
The blend containing OPC A and 30% of fly ash 2 also shows fibrillar Op at the interface of
hydrated clinker grains (Figure 5.13 (a)). Here the approximate location of the surface of the
once present anhydrous clinker grain is marked by a dashed line. Close to this interface the Ip
appears to have a dense morphology. Towards the inner part of the grain (on the right side) the
morphology changes to fine foil-like. Figure 5.13 (b) shows fibrillar Op C–A–S–H which grew
outwards from the surface of the fly ash grain, while the Ip of the fly ash has coarser foil-like
morphology. Here the composition of fibrils and fine foils differed. The Ip from fly ash grains
was very variable, likely due to the variable composition of the fly ash anhydrous material.
Differences in C–A–S–H compositions by STEM. Results from the STEM sometimes appear
to overestimate the amount of alumina (this is discussed in Chapter 4). However, the Ca*:Si
correspond quite well for the three matured systems.
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(a) (b)
(c) (d)
(e) (f)
Figure 5.10: SEM images of the series of cement A (A, A-S1, A-S8). Samples from
V. Kocaba. (a)- (b) 100% OPC A (5y). (c)- (d) OPC A-40%S1 (5y). (e)- (f) OPC A-
40%S8. (5y)
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(a) (b)
(c) (d)
(e) (f)
Figure 5.11: SEM images of the series of cement A (A-SF, A-FA1, A-FA2). Samples
from V. Kocaba. (a)- (b) OPC A-10%SF (3y). (c)- (d) OPC A-30%FA1 (3y). (e)-
(f) OPC A-30%FA2 (3y).
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(a) (b)
(c) (d)
(e)
Figure 5.12: STEM images of OPC A and A-S8. (a) OPC A (HAADF). (b) Op C–S–H
region of A-S8. (c) Op region containing fine foil-like C–S–H. (d) Ip region of a
small hydrated slag grain of A-S8. (e) The Mg EDS map of the small hydrated
slag grain. The green line shows the area of pure C–A–S–H.
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(a) (b)
Figure 5.13: STEM images of A-FA2. (a) Ip/Op interface region (from the hydra-
tion of clinker) in the A-FA2 blend. (b) The Ip region of a fly ash grain surrounded
by fibrillar Op in the A-FA2 sample.
Given the nature of TEM samples, the statistics are rather poor because only one sample was
prepared for each system. An average of 2-10 EDS “points” (areas) per type of C–A–S–H were
quantified to estimate the composition. However because care was taken to use only thin
regions for analysis, the differences in atomic composition should be reliable.
The composition of the C–A–S–H is tabulated for the three samples studied by STEM-EDS.
Figure 5.14 and Figure 5.15 shows the Ca*:Si and Al:Si respectively for the three samples in a
bar chart representation. They show that the composition of fibrils is generally of Ca*:Si = 1.50
or higher. The foils have Ca*:Si which range 1.30-1.50. The Al:Si in fibrils reaches a maximum
Al:Si of ≈ 0.25-0.30. Only in foil-like regions does the Al:Si reach ≈ 0.40-0.50. The values
of Al:Si obtained by STEM-EDS in foil-like regions are sometimes high compared to values
by SEM-EDS. Local variations in composition are not excluded and could bias results. All
compositions are compatible with a tobermorite structure. In the case of infinite chains where
every bridging silicate is substituted by an aluminium, we obtain 1/2 = 0.50.
In OPC A (Table 5.1), the fibrils and Ip such as those seen in Figure 5.12 (a) have Ca*:Si ≈ 1.80-
1.85.
The slag blend (Table 5.2) shows that the fibrils and Op fine foils− as seen e.g. in Figure 5.12 (b)
and Figure 5.12 (c) respectively−have Ca*:Si≈ 1.53, significantly lower than in the pure cement.
In the Ip of the slag measured free from intermixing with Mg-bearing phases (Figure 5.12 (d)),
the Ca*:Si is lower (≈ 1.44) and has slightly more alumina (higher Al:Si).
In the blend with fly ash, the Ca*:Si of the Op measured in the SEM is ≈ 1.40 while the STEM
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can distinguish two types of Op which have a different composition. Op fibrils like those in
Figure 5.12 (a) have a ratio of ≈ 1.52 and fine foil-like Op has Ca*:Si ≈ 1.29. The clinker Ip
C–A–S–H has a Ca*:Si ≈ 1.43 wether the morphology is dense or fine foil-like. The fine foils
have higher Al:Si. The foil-like Ip from the fly ash also has a low Ca*:Si (≈ 1.35) but with the
highest Al:Si.
Table 5.1: Composition of the C–A–S–H in OPC A
OPC A Ca*:Si Std. dev. Ca*:(Si+Al) Std. dev. Al:Si Std. dev.
Ip (SEM) 1.88 0.05 1.73 0.05 0.08 0.01
Ip (TEM) 1.81 0.19 1.62 0.21 0.12 0.03
Op (SEM) 1.85 0.07 1.66 0.06 0.11 0.01
Op (Fibrils) 1.84 0.13 1.66 0.13 0.11 0.02
Table 5.2: Composition of the C–A–S–H in A-S8
A-S8 Ca*:Si Std. dev. Ca*:(Si+Al) Std. dev. Al:Si Std. dev.
Ip (SEM) 1.55 0.05 1.30 0.04 0.19 0.01
Ip (TEM) 1.46 0.02 1.17 0.02 0.25 0.01
Ip Slag (TEM) 1.44 0.02 1.13 0.03 0.28 0.01
Op (SEM) 1.57 0.04 1.33 0.03 0.19 0.01
Op (Fine foil) 1.54 0.04 1.23 0.07 0.25 0.04
Op (Fibrils) 1.52 0.05 1.21 0.04 0.25 0.02
81
Chapter 5. Systems still containing Portlandite
Table 5.3: Composition of the C–A–S–H in A-FA2
A-FA2 Ca*:Si Std. dev. Ca*:(Si+Al) Std. dev. Al:Si Std. dev.
Ip (SEM) 1.44 0.03 1.25 0.04 0.15 0.01
Ip (TEM) 1.43 0.10 1.09 0.04 0.31 0.05
Ip FA (TEM) 1.35 0.06 0.89 0.04 0.52 0.01
Op (SEM) 1.40 0.06 1.22 0.05 0.16 0.02
Op (Fine foil) 1.29 0.06 0.92 0.08 0.40 0.07
Op (Fibrils) 1.52 0.09 1.20 0.08 0.27 0.07
Figure 5.14: TEM data from three blends (hydrated 3-5 years), as bar charts. The Ca*:Si ratio is
shown.
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Figure 5.15: TEM data from three blends (hydrated 3-5 years), as bar charts. The Al:Si ratio is
shown.
Portlandite content in matured systems measured by TGA
The amount of CH present at later age in these paste samples is shown in Figure 5.16. The
amount of CH in pure cement seems related to the amount of alite present. OPC B, with lower
alite content has about 11% compared to ≈ 15% and ≈ 18% in OPC C and OPC A respectively,
both of which have high alite content.
Because SCMs can enhance the nucleation and growth of initial C–A–S–H (the “filler effect”)
and then react to form additional C–S–H phases (with or without consuming CH), the CH
content is normalised to the anhydrous cement content (the fraction of cement in the raw mix
before hydration) to better compare systems with different levels of substitution. Such results
are also given in Figure 5.16.
Here we see that the slag systems − the slag being a mostly hydraulic SCM − produce similar
or higher normalised amounts of CH compared to pure OPC.
Fly ash samples are pozzolanic compared to the slags because the normalised CH content is
lower than that of OPC. No significant differences in final amount of CH exist between both
siliceous fly ashes even though they do differ in composition (FA2 is richer in silica while FA1
has more calcium).
The impact of the materials here is therefore a strong function of the amount of reactive silica
and alumina but not only. The fineness of the materials also likely has a crucial impact. The
silica fume causes a high consumption of CH for only 10% replacement. This is in part because
it has a mean particle diameter of typically less than a µm and can significantly react at earlier
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ages than the SCM particles in slag and fly ash blends (see Figure 6.1 in Chapter 6, p. 94).
Figure 5.16: Normalised CH content in matured systems, from TGA data. The three series are
shown.
Composition of the C–A–S–H in matured systems by SEM-EDS
Previous results (Figure 5.17) showed that in slag blends of water:binder = 0.4, the composition
of C–A–S–H is stable from 28 days onwards. Ca:(Si+Al) drops from ≈ 2.00 to ≈ 1.50 in presence
of 40% slag. The C–A–S–H composition there was estimated using the average of the cloud of
points as it was done before and therefore overestimates the “calcium silicate” ratio.
Figure 5.17: C–A–S–H composition in slag blends over time. (from V. Kocaba)
To estimate the composition on newly analysed samples, the bias for the “intermixed” C–A–S–H
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composition was considered towards Ca, as shown by scatter plots of the Ip C–A–S–H of sam-
ples OPC A, A-S8 and A-FA2 in Figure 5.18 (a). Figure 5.18 (b) shows that intermixing occurs
with monosulfoaluminate AFm (Ms) for both blends, and is consistent with XRD patterns
(Figure 5.22). The methodology from the previous chapter could therefore be applied.
(a) (b)
Figure 5.18: SEM-EDS scatter plots from 3 samples of series A. (a) Si:Ca* vs. Al:Ca*. (b) Al:Ca
vs. S:Ca (uncorrected Ca).
The SEM-EDS points were taken in the logarithmic space as illustrated in the three examples
in Figure 5.19. The data was fitted by a simple normal distribution (µ is the mean and σ is the
standard deviation) from which the value of “pure C–A–S–H” was obtained by taking µ−2σ
in the log-normal space. Atomic ratios were taken from this value of the different “calcium
silicate” ratios.
Results from optimised SEM-EDS point analyses are shown in Figures 5.20, 5.21, 5.23 and 5.25
for the three series: series A (red), series B (green) and series C (blue).
The inner product (Ip) and outer product (Op) of the C–A–S–H were measured by SEM-EDS
point analyses. In Figures 5.20 and 5.21, the Ca*:Si and Ca*:(Si+Al) ratios were determined from
the lower values of their distribution of values (see Chapter 4) and are shown as a function
of relative consumption of CH compared to OPC (as measured by TGA), with the errors on
atomic ratios as standard deviation of the distribution of points and about 1% error on TGA
measurements.
Here we can observe that for both the Ip and Op C–A–S–H, Figures 5.20 (a) and (b), there
appears to be some overall trend where the decrease in Ca*:Si is mostly correlated to the
relative consumption of CH. Such trend is not as clear for Ca*:(Si+Al). Values of Ca*:Si in
Figures 5.20 (a) and (b) range from a highest of ≈ 1.60 down to ≈ 1.30 compared to ≈ 1.70-1.90
in pure OPC. This is occurring similarly in the Ip and Op. When the composition of C–A–S–H
includes alumina as in Figures 5.21 (a) and (b), given as Ca*:(Si+Al), the upper limit value is
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(a) (b)
(c)
Figure 5.19: Histograms of SEM-EDS data from 3 samples of series A. The data is Ca*:(Si+Al).
(a) OPC A 5y. (b) A-S8 5y (c) A-FA2 3y.
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≈ 1.40 and the lowest ≈ 1.0-1.1. Here the values for OPC are ≈ 1.65-1.70. The exception of
≈ 1.40 in the Op C–A–S–H of OPC C could not be explained. Overall, the persistence of CH
does not prevent the C–A–S–H from reaching overall final values for Ca*:Si and Ca*:(Si+Al)
lower than in OPC.
(a) (b)
Figure 5.20: Composition of C–A–S–H (Ca*:Si ratio) in the three series measured by SEM-EDS.
The values are taken from the lower edge of the distribution and shown as a function of relative
decrease in amount CH compared to OPC. The error bars are the standard deviation of the
distribution of the data. (a) Ca:Si corrected for sulphate (Ca*:Si) in the Ip C–A–S–H. (b) Ca*:Si
in the Op.
XRD patterns in all matured paste samples (see Figure 5.22 for series A) did not show the pres-
ence of any crystalline CASH phases such as strätlingite. The C–A–S–H is therefore considered
to contain the whole amount of alumina measured by SEM-EDS. Figure 5.23 shows the Al:Si
in the Ip C–A–S–H in Figure 5.23 (a) and the Op C–A–S–H in Figure 5.23 (b) as a function of the
total Al:Si in the anhydrous mix (from XRF data). The black dashed line indicates the 1:1 line.
There seems to be a good correlation between the total alumina and the amount incorporated
in the final C–A–S–H product. The scatter is more important for the series B (especially in the
Ip C–A–S–H) which cement B contained the most aluminate phase in the clinker. In both the
Ip and Op, the amount of alumina in the C–A–S–H increases more or less linearly with the
Al:Si of the cement and SCM combined, however below the 1:1 line which represents complete
incorporation of alumina into C–A–S–H. Figure 5.24 shows the XRD counts for Ettringite and
monosulfoaluminate which appear to increase as a function of total Al:Si. This could indicate
that the amount of alumina in solution could directly impact the amount in C–A–S–H, irre-
spective of whether the aluminium comes from the clinker or the SCM. Also, it appears that the
alumina from solution distributes itself both between C–A–S–H and other phases. This could
be related to Fig. 7 in [92], where the amount of alumina in solution directly influences the
amount in C–A–S–H, whether it is synthetic or in pastes with fly ash or Portlandite-free blends.
However, such systems were not adjusted for sulphate, so it is possible that the aluminium
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(a) (b)
Figure 5.21: Composition of C–A–S–H (Ca*:(Si+Al) ratios) in the three series measured by
SEM-EDS. The values are taken from the lower edge of the distribution and shown as a function
of relative decrease in amount of CH compared to OPC. The error bars are the standard
deviation of the distribution of the data. (a) Ca*:(Si+Al) in the Ip. (b) Ca*:(Si+Al) in the Op.
incorporation is in fact mostly from the SCMs.
When the Al:Si is plotted against the Ca*:Si (Figure 5.25), we observe a range of possible
C–A–S–H compositions for both the Ip (Figure 5.25 (a)) and the Op (Figure 5.25 (a)) which span
Ca*:Si ≈ 1.30-1.90 and Al:Si ≈ 0.05-0.30 for cements blended with 40% of slag, 30% of fly ash
and 10% of silica fume cured under water with water:binder = 0.4 at room temperature. Results
here suggest − as shown by Richardson [14] − that the C–A–S–H with lower Ca*:Si values are
able to accommodate more alumina in the C–A–S–H. The highest Al:Si value was ≈ 0.28 for
Ca*:Si ≈ 1.32. This is somewhat in accordance with a series of C–A–S–H samples (from E.
L’Hôpital) where the maximum Al:Si in C–A–S–H made in alkaline solutions was ≈ 0.25 for a
Ca:Si ≈ 1.00.
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Figure 5.22: XRD patterns for series A.
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(a) (b)
Figure 5.23: Composition of C–A–S–H in the three series measured by SEM-EDS. Al:Si is shown
as a function of the total amount of Al:Si in the anhydrous phases (cement and SCM). (a) Al:Si
in the Ip C–A–S–H. (b) Al:Si in the Op.
Figure 5.24: XRD total counts from Ettringite and monosulfoaluminate peaks as a function of
total Al:Si.
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(a) (b)
Figure 5.25: Composition of C–A–S–H in the three series measured by SEM-EDS. Al:Si is shown
as a function of the Ca*:Si in C–A–S–H. (a) Al:Si in the Ip C–A–S–H. (b) Al:Si in the Op.
Summary on matured systems
Matured paste samples from a previous project prepared with three cements blended with
five supplementary cementitious materials (SCMs) were studied after being left to mature for
3-5 years, cured under water and with an initial water:binder ratio of 0.4, in the laboratory in
sealed containers and at room temperature.
The SCMs used were two slags at a 40% substitution level of the cement, two fly ashes at 30%
substitution level of the cement and a silica fume at 10% substitution level of the cements. All
five materials had different calcium, silica and alumina contents.
Based on SEM images shown for the series A (and for the other series as well), the microstruc-
ture is impacted by the presence of the SCMs. The Op appeared more homogeneous compared
to the cement reference with smaller pores visible in the SEM images.
Two binary blends of slag or fly ash with cement A were examined by TEM. Two morphologies
were observed: the fibrillar C–A–S–H and the foil-like C–A–S–H. There is a difference between
the fibrillar-like morphology typical of OPC pastes hydrated in normal conditions and fine or
coarse foil-like morphologies observed in blends. The fibrillar morphology persisted after years
of hydration and was systematically present either at the original surface of the clinker grain
or at the surface of SCM particles. The foil-like morphology could be seen in these systems
either further within inner-product regions of clinker grains or inside reacted grains of SCM.
Foil-like morphology occurring in regions other than clinker Ip regions showed equivalent or
lower Ca*:Si and increased Al:Si when compared to fibrillar Op regions. It is unclear how much
alumina can incorporate in the C–A–S–H without other phases precipitating (see Appendix,
p. 131). Foil-like morphology is likely the C–A–S–H which formed after the initial growth of
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fibrillar C–A–S–H.
The correlation between SEM and TEM results were satisfactory for Ca*:Si (when alumina
was not included in the results). It was observed that fibrillar C–A–S–H has a composition of
Ca*:Si ≈ 1.50 or greater. Foil-like C–A–S–H here had Ca*:Si ≈ 1.30-1.50.
The relative consumption of Portlandite appeared quite similar overall for each SCM irrespec-
tive of the type of cement used. The impact on final amount of CH does depend on the amount
of reactive calcium, silica, and alumina. It also depends on the nature of the SCM, its fineness,
amorphous content and other factors.
For all three series, SEM-EDS results showed that the C–A–S–H composition is changed. It
appeared that the Ca*:Si decreases with the relative consumption of CH (compared to OPC).
The correlation was not so clear for Ca*:(Si+Al). Despite the persistence of CH, the Ca*:Si
showed values ≈ 1.30-1.60 and Ca*:(Si+Al) ≈ 1.00-1.40, all significantly below values for pure
cement. The Al:Si in C–A–S–H was seen to increase linearly with the amount of Al:Si present in
the anhydrous mix and could reach almost 0.30 in C–A–S–H which had the lowest observed
Ca*:Si of ≈ 1.30.
92
6 The C–S–H in pastes with increasing
additions of silica fume
6.1 Introduction
Silica fume is added in rather small amounts in practice because it has a very strong impact on
binders. Particles of silica fume have very small sizes, with 95% of the particles smaller than a
µm. They are highly amorphous and mainly composed of SiO2. Small additions of silica fume
are beneficial to concrete for several reasons. They increase cohesion and reduce bleeding,
enhance mechanical properties and improve durability because of reduced permeability [93].
The hydration of OPC at early age is enhanced even before it reacts chemically as it provides
high surface area. This enhancement at early age is the “filler effect”. Silica fume − like other
pozzolanic SCMs − can react with CH to form C–S–H. Recent results from A. Muller [88] are
shown in Figure 6.1 and show that silica fume reacts from the first day (in a white cement-10%
silica fume blend, water:binder = 0.4).
The final Ca:Si of the C–S–H in blends with silica is lower compared to that in OPC. Groves and
coworkers showed that the Ca:Si could reach values down to ≈ 0.80 [94]. They also showed by
TEM that the morphology of C–S–H is changed in presence of silica fume in blends hydrated
at 40°C [94]. The C–S–H generally has a foil-like morphology which differs from the fibrillar
morphology in OPC [95]. The silicate chains of C–S–H condense to form longer chains than
non-blended systems. Thermodynamic calculations have also shown that both the phase
assemblage and pore solution are also affected by the addition of silica fume (see Fig. 5 in [5]),
particularly at additions of ≈ 40-50%.
In this chapter, silica fume was added in large amounts to alite (model cement) and PC
pastes to change the composition of the C–S–H formed and to better understand the relation
between its morphology and composition, and how the pozzolanic reaction (consumption of
CH) changes its composition in realistic systems, i.e. in pastes of low solution:binder ratio.
Four series of samples with solution:binder = 0.4 were cast at 10, 20 and 38°C (cf. p. 26). There
was an early age series with cement (PC) and 10, 25 and 45% of silica fume (SF) hydrated
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Figure 6.1: Degree of reaction of silica fume − measured with two techniques − in a white
cement-10% silica fume blend. Reproduced from [88].
from 1 to 28 days. This is the PC2 series. Three later age series were cast and studied after
90 days of hydration. One of these series (PC(Q) series) was made with PC, quartz and silica
fume to maintain the same PC:SF ratio as in the early age series (except the blend with 45%SF
which is still without quartz). Two series were made with alite and silica fume. The first was
made with alite, quartz and silica fume (MC(Q)-SF series), and the second was made with alite,
aluminate, gypsum and silica fume (MC*(Q)-SF series) to have two “model cements”. In the
systems with alite, 0, 0.1 and 0.5 M of KOH was included in the solution. More details can be
found in Chapter 3, Section 3.2, p. 26.
6.2 Estimation of the C–S–H composition in silica fume blends
Unless stated otherwise, the composition of the Ip C–S–H was estimated by SEM-EDS using
the mean of the distribution of analyses, not the value at the lower edge of Ca:X distribution.
The Ip and Op C–S–H analyses in the matured systems characterised in Chapter 5 were biased
towards high Ca:Si ratios (because the intermixing in SEM-EDS was mostly with CH), as seen
in detail in Chapter 4. Here SEM-EDS analyses of the Op C–S–H in blends with silica fume
also have a strong bias towards very low Ca:Si. Results on the two blends characterised in the
STEM (Figure 4.21, p. 59) suggest that the intermixing here is mainly influenced by the degree
of hydration of the silica fume. The value measured by STEM can be towards the highest
measured Ca*:Si or around the mean. Because the degree of reaction of the silica fume was not
measured here, there is no way of suggesting a preferred estimation of the Op C–S–H. For this
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reason, the study on the C–S–H pastes with silica fume will focus exclusively on the Ip C–S–H.
6.3 Hydration of silica fume blends at early age (1-28 days)
Pure cement
In the PC2 samples (pure cement), we observe the typical characteristics of the microstructure
at early age as seen by SEM. In Figure 6.2 (a), Hadley grains about 1 µm thick appear at 1 day of
hydration at 20°C and are mostly gone by 3 days of hydration except for small grains as seen in
Figure 6.2 (b). At 6 days, in Figure 6.2 (c) Hadley grains are no longer observed. In the samples
hydrated at 10°C or 38°C, the Hadley grains persist at the most until 3 days and are of similar
size.
Data from TGA seen in Figure 6.3 shows that the amount of CH reaches ≈ 12% in the cement
regardless of the temperature. Temperature seems to only accelerate its formation. Its distribu-
tion does not appear to be influenced by temperature either. The microstructures in Figure 6.4
show no visible difference irrespective of the hydration temperature of 10, 20 or 38°C. The
formation of inner product is first observed at 6 days at 10°C, 3 days at 20°C and at 1 day at
38°C.
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(a) (b)
(c)
Figure 6.2: Early age SEM images of the PC2 hydrated at 20°C. (a) After 1 day of hydration.
(b) After 3 days of hydration. (c) After 6 days of hydration.
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Figure 6.3: %CH in PC2 pastes hydrated at 10, 20 and 38°C.
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(a) (b)
(c)
Figure 6.4: SEM images of the microstructure of PC2 pastes at 13 days for three temperatures.
(a) Paste hydrated at 10°C. (b) Paste hydrated at 20°C. (c) Paste hydrated at 38°C.
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Pastes of cement with silica fume
Early hydration kinetics. The normalised heat release in pastes hydrated at 20°C up to 36
hours are shown in the isothermal calorimetry curves of Figure 6.5. The presence of silica fume
does not cause any significant change in the induction period as noted previously by Dobson
and coworkers [95]. Once the reaction begins, there are significant differences. One one hand,
the PC2 (pure cement) shows two peaks for the silicate and aluminate reaction respectively
which occur between 6 and 14 hours. The peaks are relatively low with maximum heat flow
of ≈ 3 mWg-1. On the other hand, when silica fume is added, the increasing substitution of
cement by silica fume at constant water:binder causes the slope of the acceleration period
to steepen and enhances the reaction of the aluminate phases. The heat flow during the
aluminate reaction reaches up to≈ 12 mWg-1. The shape of the curves strongly resemble those
obtained in alite-C3A-gypsum systems [59, 96] where the amount of gypsum was reduced
in alite-C3A blends without causing undersulfation. It is possible − but only speculatively −
that the effect of replacing cement with silica fume has a very similar effect to reducing the
amount of gypsum. In other words, the silica fume seems to cause an apparent reduction in
available sulphate which is consistent with the fact that initially high Ca:Si C–S–H should form
and which can adsorb sulphate in great amounts [97] in order to compensate for overcharging
of the C–S–H surface [74]. Only over time would the system release sulphate back into solution
and make it available again.
Impact of temperature on pozzolanic reaction. The normalised TGA data from Figure 6.6
shows that there is a net consumption of CH at 28 days in all systems except for the PC2-10SF
series hydrated at 10°C. When comparing the data at 10, 20 and 38°C (Figures 6.6 (a), (b) and
(c) respectively) it is seen that increasing the temperature causes both the highest and final
value of %CH to decrease and to occur earlier in time. Also, increasing the amount of silica
fume at any given temperature causes the same effects because more silica fume has likely
reacted. At very high additions of ≈ 40-50% the degree of reaction is probably lower. It was
observed that in other samples of similar water:binder ratio, only up to 75% of the silica fume
reacts [98].
Values of normalised %CH observed at 1 day in most blends are lower than in the pure cement
samples. This suggests two possible things. It can be that the silica fume indeed has already
begun reacting as suggested by Figure 6.1. It could also be that the presence of silica fume is
impacting the growth of CH already at that point. The amount of CH at 1 day is lowered with
increasing additions at all temperatures.
Impact of silica fume on the microstructure. The impact of silica fume is also evident in the
microstructures of blends with increasing additions. The distribution and morphology of CH
in silica fume blends is very different compared to PC2 pastes. Examples of samples hydrated
at 20°C are given in Figure 6.7. In Figure 6.7 (a), we observe that in pure cement the CH forms
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Figure 6.5: Isothermal calorimetry of early age silica fume blends hydrated at 20°C. Data of
the heat flow is shown normalised to the amount of anhydrous cement and during the first
36 hours.
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(a) (b)
(c)
Figure 6.6: Evolution of normalised %CH in silica fume blends at different tem-
peratures. Data from TGA with normalisation to the fraction of cement in the
initial mix. (a) Hydration at 10°C. (b) Hydration at 20°C. (c) Hydration at 38°C.
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as agglomerates and only few as platelets. When cement is replaced by 10, 25 and 45% of silica
fume (Figures 6.7 (b), (c) and (d) respectively) the microstructure appears denser because
of the presence of the fine particles of silica fume and the CH mostly forms as thin platelets
and with only a few agglomerates. Hadley grains appear larger and persist often longer than in
pure cement depending on temperature. Hollow shells persist up to ≈ 6 days at 10°C, ≈ 3-6
days at 20°C and ≈ 1 day at 38°C. CH also agglomerated around clinker grains sometimes
surrounding it entirely (see dashed boxes in Figure 6.7) or part of it (see Figure 6.8 (e) for
example). A particularly unusual texture of the CH distribution is the occurrence inside the
shells.
(a) (b)
(c) (d)
Figure 6.7: SEM images of pastes with increasing additions and hydrated at 20°C. Dashed
boxes show grains surrounded by CH. (a) PC2 paste hydrated for 6 days. (b) PC2-10SF paste
hydrated for 9 days. (c) PC2-25SF paste hydrated for 3 days. (d) PC2-45SF paste hydrated for 3
days.
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Figure 6.8 shows SEM images of the PC2-25SF series at 1, 6 and 13 days for the three tempera-
tures. When TGA data indicates CH is still present, it is present as platelets and as rims around
clinker grains. CH appears to have formed in the Hadley grains. Initially, inner product C–S–H
with a high Ca:Si forms while CH is still present, for example in Figures 6.8 (c), (e) and (g).
When CH should be completely consumed like in Figure 6.8 (f), the rim appears to be fading
as CH is consumed by pozzolanic reaction with silica fume. The PC2-25SF hydrated at 38°C, as
well as all other blends of cement or alite hydrated at 38°C with silica fume additions, show
that there is porosity at the interface. See Figures 6.8 (h) and (i) for example for the “imperfect
interface”. This could be due to accumulation of silica fume particles at the surface which react
more rapidly at higher temperature to form denser C–S–H products. This could be a reason
for such a porous region.
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Figure 6.8: Microstructure evolution by SEM of the PC2-25SF series at 1, 6 and 13
days hydrated at 10, 20 and 38°C. (a), (b) and (c) are images from the 10°C series.
(d), (e) and (f) are images from the 20°C series. (g), (h) and (i) are images from
the 38°C series.
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6.4 Matured samples containing silica fume (hydrated for 90 days)
Morphology and composition of the C–S–H in the SEM
Most cement-silica fume blends from this study which hydrated for 90 days, as well as blends
from other projects, showed the existence of two distinct rims of Ip C–S–H which have a
different grey level and composition. In the examples where an analysis was possible, the Ca:Si
was often lower in the innermost Ip C–S–H (“Later Ip”) as compared to the outermost Ip C–S–H
(“Early Ip”). The outermost C–S–H showed a slightly higher Ca:Si, which is counterintuitive
at first hand. An example of this in sample PC(Q)-25SF T10 is given in Figure 6.9 (a) where
a region containing both Ip regions is observed. The EDS map of the region is shown in
Figure 6.9 (b) where the Later Ip rim has a slightly lower Ca:Si. When comparing both Ca and
Si maps (Figures 6.9 (c) and (c) respectively), it is the decrease in calcium which explains
the difference in composition. The silica is constant over both Early Ip and Later Ip regions.
The cracks which appeared over time and shown in Figure 6.9 (c) are located precisely at the
interface between the two Ip regions and suggest that they are indeed different in nature
because differential shrinkage of the C–S–H could have occurred.
Ip rims in alite blends. In alite-silica fume blends (model cement-silica fume blends) shown
in Figure 6.10, the two inner product regions are well defined regardless of temperature,
amount of alkali and presence of both gypsum and aluminate. In MC(Q) samples shown in
Figures 6.10 (a), (b), (c) and (g) which do not containing gypsum nor aluminate, the Early Ip
rims are thicker than the MC*(Q) samples which contain gypsum and aluminate as part of the
model cement. In the MC*(Q) samples shown in Figures 6.10 (d), (e), (f) and (h) the Early Ip
rims are noticeably thinner.
The Ca:Si ratio was measured in both Ip regions (Figure 6.11). Here the Later Ip always had a
slightly lower Ca:Si, despite the product being closer to the original alite grain which is rich
in calcium. Intermixing of phases could not have occurred to bias the results towards higher
calcium. The MC(Q)-SF series, without gypsum and aluminate, had overall lower Ca:Si ratios
and more remaining CH than the MC*(Q) series which contained gypsum and aluminate. In
the MC*(Q) series, the Ca:Si was overall higher and only one sample had CH remaining.
Ip rims in PC blends. In cement-silica fume blends, the Early Ip rim was not always visible
and measurable. Examples from Figures 6.12 (a), (b), (d) and (e) are the clearest in showing
the existence of two distinct Ip rims of C–S–H. It can be observed the presence of a slightly
lighter Ip C–S–H in the outer region of the hydrated clinker grain. In the inner most part of the
Ip hydrates a darker Ip C–S–H formed. Figure 6.12 (c) had dark areas too small to analyse. In
Figures 6.12 (f), (g), (h) and (i) the features are not distinct.
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(a) (b)
(c) (d)
(e)
Figure 6.9: Region of PC(Q)-25SF T10 sample analysed by SEM-EDS mapping. The beam
current was ≈ 1.2-1.4 nA (spot size 6). (a) SEM image before EDS mapping. (b) Quantified
EDS map of the region. (c) Quantified Ca Map. (d) Quantified Si Map. (e) SEM image after the
acquisition of EDS data during two hours.
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Figure 6.10: Microstructure by SEM of matured alite-silica fume samples showing
two well-defined inner product regions. For example, T10 indicates hydration at
10°C, 0K indicates 0 M KOH and MC*(Q) indicates alite with gypsum and alumi-
nate as well as quartz (MC(Q) indicates only alite with quartz.). (a) MC(Q)-SF
0.5K T10 sample. (b) MC(Q)-SF 0.5K T20 sample. (c) MC(Q)-SF 0.5K T38 sample.
(d) MC*(Q)-SF 0.5K T10 sample. (e) MC*(Q)-SF 0.5K T20 sample. (f) MC*(Q)-SF
0.5K T38 sample. (g) MC(Q)-SF 0K T20 sample. (h) MC*(Q)-SF 0K T20 sample.
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Figure 6.11: Ca:Si measured in both Ip C–S–H regions of alite-silica fume blends.
Discussion on the origin of the two Ip rims. The origin of the two rims is linked to the
hydration of clinker at different times. The pore solution appears to be the determining factor
in which type of solids form. As it can evolve over time, this can explain the observation of two
C–S–H rims with slightly different Ca:Si.
The Early Ip was either Ip C–S–H formed with high Ca:Si which was converted to a C–S–H with
low Ca:Si or a CH rim converted to C–S–H. The presence of two Ip regions with a lower Ca:Si
in the innermost region was not observed in all PC systems. However in the alite blends, it
was thinner in presence of aluminate and gypsum. The absence in several PC samples could
therefore be due to the high aluminate in this cement.
This change in Ca:Si occurring in the Ip regions suggests that at some point in time the
conditions of formation changed and the outermost Ip – may it be originally be CH or Ip
C–S–H from the hydration of the cement – was transformed to reach a lower Ca:Si. However,
the innermost Ip begins to form directly with a Ca:Si lower than the outermost at any given
time. The outermost Ip was therefore considered “Early Ip” and the innermost Ip is considered
“Later Ip” to illustrate the logical sequence of events occurring in these systems. Unfortunately,
it was not possible to observe these two products in the STEM because the probability of
observing an inner product is low in blended systems. The way damage occurred in the EDS
mapping of an Ip region could be evidence of the possible different nature of the two Ip rims.
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Figure 6.12: Microstructure by SEM of matured cement-silica fume samples
hydrated at 10, 20 and 38°C. (a), (b) and (c) show the PC(Q)-10SF series. (d), (e)
and (f) show the PC(Q)-25SF series. (g), (h) and (i) show the PC-45SF series.
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Morphology of the C–S–H in STEM
The morphology of the C–S–H was studied by STEM in three samples, a sample from another
study [88] containing 90% white cement and 10% silica fume sealed cured at room temperature
with water:binder = 0.4, the PC(Q)-25SF T20 sample and the MC*(Q)-25SF T20 sample.
It was observed in the white cement-silica fume blend that after 28 days the Op was mostly
fine-foil like (Figure 6.13), with a composition ranging from 1.35 to 1.45 despite the presence
of ≈ 20% CH. One region (Figure 6.14) showing a small hydrated alite grain contained fibrillar
C–S–H at the original grain interface. The Ip which formed during the first hours of hydration
appeared dense. The centre of the small grain appeared less dense and foil-like, as seen
previously in a cement hydrated with w:c = 0.4 and at 20°C [9] and in Figure 5.2 (a) of Chapter 5.
In this region the Ca:Si varied between 1.60 and 1.70, for both the fibrillar Op around the alite
grain and the Ip from the alite grain. The value for Ca:Si is closer to that of the pure cement –
reported at ≈ 1.70 [99].
Figure 6.13: STEM image of the Op region of the sealed cured sample with white cement and
10% silica fume. A fine foil-like morphology is observed.
The C–S–H was observed in two blends with higher additions (25% silica fume). The PC(Q)-
25SF sample hydrated at 20°C is shown in Figure 6.15 (a) to have both fibrillar and foil-like
morphologies in outer regions containing quartz and silica fume grains which are better
revealed by the EDS map of the same region shown in Figure 6.15 (b). Here the quartz and
the silica fume grains both have contributed to the initial formation of fibrillar C–S–H as
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Figure 6.14: STEM image of the Ip region of the sealed cured sample with white cement and
10% silica fume. Here fibrillar Op, dense Ip and fine foil-like Ip are observed.
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they provided surfaces for their nucleation and growth. Despite the high replacements, they
persisted but are somewhat confused with foil-like C–S–H which exists intermixed with the
fibrillar C–S–H. Packets of fibrils seem to growth outwards from the silica fume particles.
Figure 6.15 (c) shows a fine foil-like region (probably Op) of C–S–H. The Ca:Si by STEM was
≈ 1.18 and the foils are coarser than in the Op C–S–H of the sealed cured sample of Figure 6.13.
Figure 6.15 (d) shows an Op C–S–H region of the MC*(Q)-25SF model cement sample hydrated
at 20°C. Here the foil-like C–S–H is the most coarse compared to previous samples and has the
lowest Ca:Si of ≈ 0.82.
A sample from E. L’Hôpital with aimed Ca:Si = 1.00 and Al:Si = 0.03 was provided for comparing
the morphology with the paste samples. The paste sample of Figure 6.15 (c) shows resemblance
for broadly similar Ca:Si and Al:Si of the C–S–H. The sample of Figure 6.15 (d) shows a striking
similarity to the foil-like morphology in the synthesised sample as well. Pastes samples here
show essentially the same morphology in paste samples compared to synthetic systems
equilibrated for at least 6 months and with a high solution:solid ratio of 45.
Comparing the three paste samples, it appears that in systems with low solution:binder ra-
tio the C–S–H of systems highly blended with silica fume forms with similar characteristics
compared to those made in dilute conditions. The foil-like morphology appears more coarse
when the Ca:Si decreases and suggests that the C–S–H formed here is at equilibrium with the
solution at a given place and time.
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(a) (b)
(c) (d)
(e)
Figure 6.15: Comparison between blends and synthetic samples observed by
STEM. (a) PC(Q)-25SF T20 sample showing both fibrillar Op and foil-like Op
C–S–H regions. (b) EDS map of the PC(Q)-25SF T20 sample revealing the pres-
ence of unreacted silica fume particles. (c) Foil-like Op C–S–H in the PC(Q)-25SF
T20 sample. (d) Foil-like Op C–S–H in the MC*(Q)-25SF T20 sample. (e) Syn-
thetic C–S–H from E. L’Hôpital with aimed Ca:Si = 1.00 and Al:Si = 0.03 prepared
at 20°C.
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Composition of the C–S–H in silica fume pastes samples
The time evolution of the C–S–H composition is shown for the three temperatures in Fig-
ure 6.16 when the analysis of an the Ip was possible. Figures 6.16 (a), (b) and (c) show for 10,
20 and 38°C respectively that the Ca:Si decreases with the %CH and with time as suggested
by the lines between successive points of a same series. The data shown as the grey series
in Figure 6.17 suggests an overall trend for decreasing Ca:Si with the consumption of CH. In
this early age series the highest Ca:Si in absence of CH is ≈ 1.50 and the lowest Ca:Si here in
absence of CH is ≈ 1.0.
(a) (b)
(c)
Figure 6.16: Comparison between determined CH content and estimated Ca:Si in the Ip
C–S–H of early age samples. (a) Series hydrated at 10°C. (b) Series hydrated at 20°C. (c) Series
hydrated at 38°C.
The data from Figure 6.16 is shown in Figure 6.17 with data from the matured cement and alite
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systems hydrated for 90 days. Here we observe very similar decreasing trends from high Ca:Si
at high %CH to very low Ca:Si when CH is entirely consumed. The PC(Q) series had quartz
which increased the effective water:cement ratio and showed the same trend as the early age
series but slightly shifted down. The Ca:Si decreases with the amount of CH from ≈ 1.9-2.0 to
≈ 1.3-1.4 when %CH reaches zero. The lowest value is also Ca:Si ≈ 1.0.
The MC(Q) system containing alite, quartz and silica fume − but without gypsum and alumi-
nate− decreases from Ca:Si≈ 1.60 with≈ 17% of CH to≈ 1.0-1.2 when %CH reaches zero. The
lowest value is Ca:Si ≈ 0.90. Most samples from the MC*(Q) series −which contain gypsum
and aluminate − have no CH but have Ca:Si values closer to the blends of cement and silica
fume (see dashed circle). The highest Ca:Si in absence of CH here is ≈ 1.40-1.50. The lowest
Ca:Si is ≈ 1.0-1.1.
Figure 6.17: Ca:Si compared to %CH in all silica fume blends.
6.5 Summary on the impact of silica fume on the morphology and
composition of C–S–H in pastes
The results from this chapter show that the microstructure development of paste samples is
strongly affected by the addition of small to large amounts of silica fume.
At early age, the size and persistence of Hadley grains and the morphology of CH agglomerates
were changed compared to pure cement. Silica fume particles which can deposit around
the clinker grains in the Hadley grains and rapidly react, particularly at 38°C where porosity
exists between the Op and the Ip. The pozzolanic properties of the silica fume were shown
by the decrease in Ca:Si in the Ip with the consumption of the CH. Fibrillar C–S–H formed
initially on the surface of clinker and quartz particles and persist over time. They are highly
intermixed with foil-like C–S–H and show no difference in composition in the STEM analyses.
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The presence of dispersed silica causes the microstructure to appear much denser than the
pure cement.
At later times two rims of Ip were observed with different Ca:Si. The outermost rim was well
observed in alite systems and were more pronounced in absence of gypsum and aluminate.
There can be differences between the Ip and Op C–S–H in terms of morphology and composi-
tion. The evolution of the solution over time plays an important role on the formation of solids.
Fibrillar C–S–H formed while the solution was dominated by the initial reaction of the cement
while the foil-like C–S–H can form as soon as the silica fume has affected the pore solution.
There are two regimes of change of composition of the C–S–H. In Chapter 5 the decrease in
Ca:Si is overall limited by the presence of CH and numerous regions of fibrils are observed.
Here − once CH is consumed − the C–S–H is able to reach low Ca:Si which are not far from
the value for pure tobermorite structures and have foil-like morphology throughout most of
the sample.
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7.1 Summary of C–A–S–H in pastes
Results from this Ph.D. work underlines the importance of understanding the history of what
occurs in pastes of water:binder ratio of 0.4, i.e. low water:binder.
In pure cement pastes, there is a massive growth of fibrillar Op C–A–S–H from the surface of
clinker grains which occurs when CH begins to precipitate. The precipitation of CH begins
once the solution is highly supersaturated with respect to Portlandite. In blends, the system
begins mostly as a pure OPC, with surfaces providing additional surface for fibrillar C–A–S–H
to grow. Only once the conditions in solution favour the release of species from the SCM(s)
into solution does the system begin to form C–A–S–H with lower Ca:Si (which can have a
foil-like morphology) and consume CH (for pozzolanic SCMs). Over time, the Ca:Si of the
initial C–A–S–H decreases towards a lower value. The decrease of Ca:Si is expected to occur
more easily at high water:binder ratio.
The comparison of alite and cement pastes in Chapter 5 showed the C–A–S–H forms with a
fibrillar morphology, as shown previously [32, 8, 44, 21]. The Ca*:Si (Ca* = Ca - S) in cement
ranged ≈ 1.80-1.90. The Ca*:Si in alite was lower, ≈ 1.50-1.60, but still within the expected
range of Ca:Si (1.50-2.00) in presence of Portlandite based on solubility experiments, e.g. [27].
The results presented in Chapter 5 and Chapter 6 have shown that the C–S–H (or C–A–S–H)
phase which is formed in blended pastes of low water:binder ratio has variable composition
and morphologies.
In Chapter 5 results from blended systems containing CH suggest that the decrease of Ca:Si
is limited to about ≈ 1.30. In these systems the fibrillar morphology dominated and foil-like
regions were rarer. In Chapter 6, systems contained little or no remaining CH and showed that
the decrease in Ca:Si is possible below ≈ 1.30. In these systems foil-like morphologies were
predominant.
The composition and morphology are strongly linked. In the pastes samples, the fibrillar
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morphology had Ca:Si ≈ 1.50 or higher, while foil-like morphology had Ca:Si only up to ≈ 1.50.
Figure 3.2 (p. 32) also showed that the foil-like morphology is coarser at lower Ca:Si ratios.
Fibrils form during the early stages of hydration of alite and OPC. They are also present in
blends with SCMs where they most likely correspond to the initial reaction of the alite or OPC.
This is strongly suggested by the fact that fibrils always seem to originate from the original
surfaces of clinker or alite grains. They were also observed to grow from the surface of quartz
grains in a OPC-quartz-silica fume blend. The presence of SCM particles also can provide
a surface from which fibrils could initially grow. The fibrillar C–S–H persisted after at least
five years here, and have been observed after 20 years in an OPC paste [57]. The fibrillar-like
morphology persisted despite the decrease in Ca:Si in blended systems from this study.
Foils have a 2-dimensional morphology rather than 1-dimensional growth morphologies of
the fibrils. In pure cement samples, they usually have similar Ca:Si to Op fibrils when they
form in small cement grains. In presence of SCMs, foils can form within the Ip of clinker
and SCM grains. Foils were also observed in the Op region of blends. They have lower Ca:Si
within SCM grains. Because of the presence of fibrils in several systems with SCMs, the foil-like
morphology does not seem related to the initial reaction of the OPC but rather to the reaction
of SCM particles which normally begins after the reaction of the alite or cement.
Based on these observations and work from other past and present projects, the following
ideas on C–S–H are formulated.
7.2 Indications of a tobermorite-“mobile calcium” model for C–S–H
Most researchers agree on a defect-tobermorite model to explain the variation of Ca:Si between
0.83 and 1.50. It is based on two mechanisms: the removal of bridging tetrahedra and the
replacement of two protons by a calcium ion. The debate on the most suitable model for
describing C–S–H is related to Ca:Si over ≈ 1.50 where two viewpoints apply to explain how
the Ca:Si is further increased. Richardson [21] showed that most models either encompass a
tobermorite/jennite viewpoint or a tobermorite/“solid-solution CH”, which in fact pertains
not to the presence of microcrystalline CH but rather to the presence of Ca−OH groups in the
C–S–H interlayer at higher Ca:Si.
It is interesting to note that in his 2004 review paper [21], Richardson mentioned that “In
some systems, the data can only be accounted for on the T/CH structural viewpoint, whilst
in others, both the T/CH and T/J viewpoints could apply” when discussing the applicability
of both viewpoints to paste samples of low water:binder ratio. This suggests that even in
paste samples, a tobermorite/“solid-solution CH” model could generally be appropriate. The
experimental evidence that calcium is mobile in C–S–H of Ca:Si ≥ 1.00-1.30 was already
discussed in Chapter 2 with respect to leaching and carbonation experiments. This is further
supported by recent work.
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Recent results from two independent studies by A. Bazzoni on hydrated C3S [39] and by
A. Muller on a cement paste [88] further support the idea of highly mobile calcium in C–S–H.
The results of these studies indicate (Figure 7.1) that increasing the water:binder ratio in the
range ≈ 0.30-0.80 causes an increase in the amount of precipitated CH and a decrease of the
Ca:(Si+Al) of the C–S–H phase. The Ca:(Si+Al) in C–S–H could be significantly lower,≈ 1.50-1.60
instead of ≈ 1.70-1.80 and was confirmed by three different characterisation techniques.
Figure 7.1: Effect of water:cement on Ca:Si and %CH.
7.3 Is C–A–S–H at equilibrium in realistic pastes?
Highly variable Ca*:Si and Al:Si in Ip C–A–S–H
The composition of the Ip C–A–S–H in all blends studied during this Ph.D. work is shown in
Figures 7.2, 7.3 (cement pastes) and 7.4 (alite pastes). For the silica fume blends, the Later
Ip is shown here, not the Early Ip. Al:Si is shown as a function of Ca*:Si (Ca* = Ca - S). Some
samples containing metakaolin are also included and are most of the points on the upper left
part of the figures (values of Al:Si ranging ≈ 0.25-0.40) but contain monosulfoaluminate and
other AFm phases such as strätlingite which complicated the analysis of the C–A–S–H (see the
Appendix, p. 131).
In the pastes studied, the overall range of Ca*:Si ≈ 0.90-2.00 and the range of Al:Si ≈ 0.05-0.30.
The points with Al:Si ≈ 0.35-0.40 are considered more doubtful based on recent 27Al and 29Si
MAS NMR results [100] on white Portland cement-metakaolin blends where the ratio did not
reach such high values.
The presence of CH (Figure 7.2) occurred generally for Ca*:Si = 1.30-2.00 with the exception
of three alite-silica fume pastes (Figure 7.4) where the Ca*:Si ≈ 1.10-1.15. From results on
the consumption of CH by pozzolanic reaction with silica fume (Figure 6.17, p. 115) it was
estimated that the Ca*:Si of Ip C–A–S–H (of Early Ip in the case of alite blends) at the point
119
Chapter 7. Discussion
where CH should not be present in pastes was Ca:Si ≈ 1.20-1.50.
Compared to solubility data like that in e.g. Figure 2.5, p. 14, it appears that the conditions in
pastes of low water:binder ratio limits the consumption of CH and favours the decalcification
of the C–A–S–H. This is observed by the lowest Ca*:Si = 1.20 at the point where CH should be
absent which is lower that what is frequently observed in other preparations where Ca*:Si = 1.50
or sometimes higher. The fact is blended systems always begin by forming high Ca*:Si C–A–S–H
and then favour the possible consumption of CH and the formation of low Ca*:Si C–A–S–H.
Figure 7.2: C–A–S–H composition in blended pastes (all samples). Points of samples with less
than 2% normalised CH are bolder to indicate systems which are mostly free from Portlandite.
The reason for the persistence of CH is probably not linked to the availability of water in the
pore structure but rather the fact that CH has a low surface area per volume compared to
C–S–H for example. This should be further explored.
Figures 7.3 (cement pastes) and 7.4 (alite pastes) allow comparison of both sets of data. The
possible composition in alite blends are in lower Ca*:Si regions compared to cement. Blends
with slag and fly ash are somewhat restricted to Ca*:Si ≈ 1.30 or higher and to a maximum
Al:Si ≈ 0.30. Silica fume and metakaolin blends were appropriate to reach C–A–S–H composi-
tions farthest from that in OPC. Temperature and substitution levels, when both are increased,
favour the reaction of SCMs which further lowers Ca*:Si (and increases Al:Si when alumina is
present).
As mentioned briefly in the appendix, it is unclear how alumina may limit or not the decrease
in Ca*:Si. It cannot be excluded that alumina limits the dissolution of silicate phases.
120
7.3. Is C–A–S–H at equilibrium in realistic pastes?
Figure 7.3: C–A–S–H composition in blended cement pastes. Points of samples with less than
2% normalised CH are bolder to indicate systems which are mostly free from Portlandite.
Figure 7.4: C–A–S–H composition in blended alite pastes. Points of samples with less than 2%
normalised CH are bolder to indicate systems which are mostly free from Portlandite.
121
Chapter 7. Discussion
Decalcification as a dominant mechanism
Results from this thesis have shown that the impact of SCMs was significant on the final
composition and morphology of C–A–S–H in pastes of low water:binder ratio, and that there
are indications of interactions between CH and C–A–S–H. The main interaction appears to be
decalcification of C–A–S–H, while consumption of CH is limited under some conditions.
When fibrillar C–A–S–H had initially formed− and assumed to be with a high Ca*:Si of 1.70-1.80
based on results on the Ip of silica fume blends− they were decalcified to reach values of Ca*:Si
as low as 1.50 and persisted in blends still containing CH. This could be related to fast C–S–H
precipitation during the first hours of cement hydration (in the presence of high calcium
concentrations in solution) and later a slow conversion of the C–S–H to a thermodynamically
more stable C–S–H with a Ca:Si of ≈ 1.50. In such systems foil-like C–A–S–H of Ca*:Si ≈ 1.30-
1.50 co-existed with fibrillar C–A–S–H. Here the fibrillar morphology was not destabilised by
the removal of calcium as also observed in carbonation experiments. Such results do not
strongly support the idea of calcium being part of a jennite-like structure, in which calcium
would not be readily “leached”.
When CH was still present in paste samples, the lowest Ca:Si in C–A–S–H was ≈ 1.30, while
silica fume blends had C–A–S–H with Ca:Si as low as≈ 0.90 after CH was entirely consumed by
pozzolanic reaction. In silica fume blends, the highest measured Ca:Si in absence of CH was
≈ 1.20-1.50. This suggests that the presence of CH is a limiting factor in forming C–A–S–H with
very low Ca:Si. It could indicate that as with data presented in solubility curves (e.g. Figure 2.5,
p. 14), there may exist some local equilibrium in pastes at the point of saturation of CH in
solution where the corresponding C–A–S–H would have a Ca:Si ≈ 1.20-1.50, rather than being
precisely at Ca:Si = 1.50.
Morphology of the C–A–S–H phase
Results presented in this work further confirms that the foil-like morphology of C–A–S–H is
the stable form for Ca:Si ≈ 1.50 or less. As seen in Figure 3.2, p. 32, the coarseness appears to
correlate to the Ca:Si ratio as fine foil-like morphologies appeared at ratios ≈ 1.30-1.50 while
better defined foils, with a “coarser” appearance in TEM, had values ranging 0.80-1.20.
High Ca:Si C–S–H − observed here in the Op with fibrillar morphology − has a very strong
link to the growth of CH. It is still not clear if the growth CH is directly responsible for the
directional morphology or if the activities of calcium and silica in solution are responsible for
their formation. Foils of Ca:Si≈ 1.70 have been observed by Richardson [15, 21] who described
the Op C–S–H in a white cement paste activated with 5 M KOH to be “crumpled-foil Op C–S–H”
in a sample containing microcrystalline C–S–H. Recent TEM images from E. Tajuelo [55] of
controlled hydration of C3S showed somewhat fibrillar C–S–H of Ca:Si≈ 1.75 which had grown
just over the point of calcium saturation with respect to CH. Ongoing work by A. Kumar [56]
has also shown that synthetic C–S–H of Ca:Si ≈ 1.90 may be prepared in less than a few hours
122
7.3. Is C–A–S–H at equilibrium in realistic pastes?
in specific conditions and with foil-like C–S–H morphology. Here no CH had precipitated.
When CH is absent, paste samples appear closer to equilibrium. In the scope of the cur-
rent work, synthetic samples of aimed Ca:Si = 1.00 prepared by E. L’Hôpital showed foil-like
morphology (Figure 7.5) which are very similar to the silica fume blends (e.g. images from
Figure 6.15, p. 113). Here the preparation times were of at least six months and can be assumed
to be at equilibrium. This suggests that the pastes with no more CH are better able to form
C–A–S–H with the more stable foil-like morphology of low Ca:Si C–A–S–H.
Figure 7.5: C–A–S–H morphologies observed in synthetic samples.
It is not clear to what extent the two main morphologies in fact represent a unique C–S–H
phase. If one reasons in terms of small building blocks (monomers and dimers are dominant
during early hydration, e.g. [24]), those building blocks likely do not stack well and cause
defects. Nothing would prevent them from arranging into different morphologies. This could
be a reason why there exists a spectrum of morphologies (thin or thick fibrils, fine to coarse
foils) which are curves due to stacking defects. This is unlike synthetic tobermorite which
appears as platelets (e.g. [101]).
Importance of the pore solution
Much of the work on the chemical stability of C–A–S–H is done in dilute conditions because it
is impossible to otherwise control the solution. Pore solution extraction from paste samples
can be used to determine the concentration of the different species during the first months,
and with greater difficulty after the first year depending on the initial water:binder ratio. It can
then be linked to the solid phases and thermodynamic modelling [3].
Results on the silica fume blends showed the existence of two Ip C–S–H rims. It is most
likely that the existence of both regions are due to the time evolution of the pore solution.
123
Chapter 7. Discussion
Unpublished results from B. Lothenbach [98] on silica fume blends and results of F. Deschner
from fly ash blends [102, 103] show than not only are there large variations over time, but that
the temperature can have a significant impact on the pore solution in pastes.
The comparison between the two sets of alite-silica fume blends (see Figure 6.11, p. 108)
revealed that the Ca:Si of the C–A–S–H is affected by the presence of gypsum and aluminate in
the raw mix. These are certainly affected by the pore solution which is changed in presence of
sulphate and aluminate ions.
In general, it appears that in cement paste, the activity of the ionic species in solution −
particularly that of Ca2+ in the local environment − dictates the formation of the solids which
then tend to persist. It was discussed earlier how the activity of calcium can change the formed
morphology e.g. in dilute reaction of C3S.
Knowing this, it seems that the equilibrium exists between the pore solution and the solids
which should form. What complicates matters is that as long as material can dissolve, true
equilibrium cannot be reached because the pore solution will constantly evolve. It could very
well be that a better understanding of the pore solution will significantly help bridge the gap
between the knowledge on the behavior of dilute systems and what is occurring in the very
constrained conditions of pastes of low water:binder ratio.
7.4 Influence of alumina
In the matured series of samples, it appeared that Al redistributes between C–A–S–H and other
phases. As suggested by previous work, more Al could enter C–S–H for lower Ca:Si. This is not
contradicted by the points of C–A–S–H composition in Figure 7.2.
This point is not discussed further because results from the metakaolin blends − shown in the
Appendix, p. 131− are complicated to interpret, both from a compositional and morphological
point of view. The overall Al:Si could reach values of≈ 0.5 and were considered highly doubtful.
Also, the morphology is very fine-scale and somewhere between fibrils and fine foils, but not
as well defined as in other blends. It appeared that the products forming in the Op regions are
either highly intermixed even at the scale of the TEM or there could maybe be a solid solution
occurring between C–A–S–H and other “CASH” phases. It is therefore unclear how very high
concentrations of alumina in solution could destabilise the C–A–S–H to form other phases.
For these reasons the reader is referred to the summary of results in the Appendix p. 131.
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The thesis aimed to better understand the link between C–A–S–H composition and morphol-
ogy in realistic pastes and to compare results on synthetic preparations.
8.1 Methodology for assessing the C–A–S–H composition by SEM-
EDS
A detailed study on the parameters influencing the results obtained by SEM-EDS was done
on a white cement sample hydrated for five years (water:binder = 0.4, 20°C). It was found
that a good correlation between results from intermixed points measured by SEM-EDS and
measurements of pure C–A–S–H obtained by STEM-EDS were possible. This relies on several
conditions.
• The use of experimental parameters which minimize damage to the sample. They
include low current, low current density and low exposure times.
• The manual choice of points. This allows to separate contributions from the Ip and Op
C–A–S–H, to avoid interfaces and optimise the acquisition time to record mostly “useful
measurements” which is important for the data treatment.
• The consideration of atomic ratios, with and without correction by aluminium substitu-
tion and sulphate adsorption. This facilitates comparison between different systems.
• The use of complementary representations which include 2D ratio plots, frequency
histograms and box plots. They allow to identify other phases intermixed with C–A–S–H
and apply very simple data treatment.
• The consideration of the “least-intermixed” measurements which is backed-up by STEM-
EDS measurements of pure C–A–S–H. In many cases the disadvantage of intermixing in
SEM-EDS can be overcome and permits the analysis of larger areas compared to TEM
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and a higher number of samples for a same amount of time. This is more problematic in
the Op of silica fume and metakaolin blends.
8.2 Pastes still containing Portlandite
OPC and alite pastes
Comparison between alite and OPC showed that the main features are similar in both pastes.
The formation of Ip and Op was observed. The Op was fibrillar in both cases. Temperature had
no visible effect on the composition of the C–S–H. Alkali did not have any significant effect
either. However there were differences between both types of reference systems.
• The Ca*:(Si+Al) ratio (with Ca* = Ca - S) was systematically lower in alite compared to
pure cement. In alite Ca*:Si was ≈ 1.50-1.60 compared to ≈ 1.80 in cements. This could
be related to the presence of aluminate phase and sulphate.
• In alite, the Op forms in straight packets, while in OPC, it fans out (see Figure 5.2, p. 66).
This seems also linked to aluminate and sulphate as suggested by results from other
projects in our laboratory.
Matured systems with SCMs
Characterisation of matured systems still containing Portlandite showed that the presence of
SCMs has a big impact on the composition and morphology of the C–A–S–H. Three cements
were blended with five SCMs and hydrated for several years.
In such systems the relative consumption of CH seemed to depend mostly on the SCM. The
relative consumption was almost identical for all three cements used here.
The Ca*:Si in such pastes showed values of ≈ 1.30-1.60 and Ca*:(Si+Al) ≈ 1.00-1.40, all sig-
nificantly below values for pure cement. The Al:Si in C–A–S–H was higher than in OPC and
correlated quite well to the total Al:Si.
In binary blends with slag, fly ash and 10% silica fume, the Op C–A–S–H appeared more
homogeneous in polished sections for SEM. Three samples examined by STEM showed the
following morphology and composition.
• Fibrillar Op C–A–S–H was present in large amounts even after 3-5 years. They had
formed on the surface of clinker or SCM grains. Their composition in two blends was
Ca*:Si ≈ 1.50-1.60, lower than ≈ 1.80 in pure cement.
• Foil-like C–A–S–H formed in the originally water-filled space, inside clinker grains or
inside SCM grains. Their composition ranged Ca*:Si ≈ 1.30-1.50. They contained more
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alumina than the fibrils.
8.3 Silica fume blends
As observed by isothermal calorimetry at 20°C, silica fume affects the kinetics of the early age
reaction of OPC by accelerating the silicate reaction and enhancing the aluminate reaction.
The microstructure as seen by SEM is strongly changed by the presence of small to large
amount of silica fume additions. In pastes of water:binder = 0.4, the Op appeared dense by the
presence of silica fume particles. Hadley grains − typical of OPC −were larger and persisted
longer before being filled with products. CH formed mostly as platelets rather than large
agglomerates. When it agglomerated it did so around clinker or alite grains to for a CH rim
which did not necessarily cover the whole of the grain.
The microstructure at 90 days is dominated by foil-like C–A–S–H which bears strong resem-
blance to synthetic preparations. In one system, fibrillar C–A–S–H appeared to have formed on
quartz particles. Based on three samples studied by STEM, the composition of the C–A–S–H
and the morphology seem to be related. Foils with Ca:Si ≈ 1.30-1.40 are finer than those with
values down to 0.90 which have a coarser appearance.
The silica fume blends have a foil-like morphology which is essentially the same as in synthetic
samples from E. L’Hôpital with aimed Ca:Si = 1.0.
The pozzolanic reaction was followed over time. The decrease in CH was accompanied by
a decrease in Ca:Si of the C–A–S–H from the Ip regions. Around ≈ 1.20-1.50 (depending on
the set of samples) CH no longer was detected. Then values of Ca:Si reached as low as 0.8.
Temperature accelerated this reaction but the trend was similar.
Characterisation of the Ip C–A–S–H in all blends from this work as well as from other projects
revealed that there are often two Ip regions. When they were clearly visible and separately
measurable, the innermost Ip had a lower final Ca:Si than the outermost Ip (a difference of
Ca:Si ≈ 0.10-0.20). The outer rim is mostly C–A–S–H from the initial OPC hydration − with
high Ca:Si − or the CH rim which were converted to lower Ca:Si C–A–S–H. It was referred to as
“Early Ip”. The innermost Ip, which appeared darker in SEM rim is hypothesised as being low
Ca:Si C–A–S–H which forms when the solution directly favors its formation. It was referred to
as “Later Ip”. In alite systems the rims were always visible, while they were not always observed
in OPC blends.
A comparison between the model systems (alite and silica fume) containing gypsum and
aluminate and those without showed that the composition of the C–A–S–H and the amount of
CH were different. In absence of gypsum and aluminate the final Ca:Si was lower and CH was
present in several samples. In presence of gypsum and aluminate, only one sample still had
CH and the Ca:Si was higher.
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8.4 Discussion on the stability of C–A–S–H in cement pastes
The range of compositions for C–A–S–H was found to be Ca*:Si = 0.80-1.90, with a reliable
maximum observed Al:Si of ≈ 0.30.
The results from this thesis and those from other studies strongly suggest that the calcium from
the C–A–S–H phase is mobile for ratios of Ca:Si≥ 1.00-1.30 and could point to a tobermorite/“solid-
solution CH” model as defined in [21] rather than the coexistence of two types of C–A–S–H
phases in a same sample. This could be the reason we can observe a spectrum of morphologies.
In paste samples of low water:binder, it appears that the consumption of CH are strongly
linked. When the decrease in CH is limited, it appears that the decrease iin Ca*:Si is also
limited. Once CH is consumed, the system is able to reach far lower Ca:Si.
It could be that a sound knowledge of the phase in both dilute conditions and paste samples
will come from better understanding the impact of the pore solution on the composition and
morphology of the solids.
8.5 Perspectives
The thesis has brought new insights into the relation between the composition and morphol-
ogy of the C–A–S–H in realistic pastes of low water:binder ratio and shown important points
to consider in pastes which are different than synthetic preparations. The importance of the
pore solution was highlighted in the discussion and may become central in bridging the gap
between the knowledge on dilute reaction and the knowledge on paste samples.
It would therefore be interesting to study the pore solution in similar systems to complement
the current study and obtain more information on the evolution of C–A–S–H formation over
time.
The effect of temperature was not examined by STEM and could provide valuable insight into
the impact it has on the morphology.
In Figure 7.2, there is an area between the composition of C–A–S–H of silica fume blends
and that of metakaolin blends which could be explored e.g. by formulating ternary blends of
cement (or alite) with both metakaolin and silica fume as replacements.
Because of difficulties in estimating the composition of C–A–S–H by SEM-EDS in metakaolin
blends and the variability of Al:Si in STEM-EDS, the results on those mixes should be further
investigated. 27Al and 29Si MAS-NMR experiments would have been interesting to provide
another measurement of the Al:Si in such samples, provided the deconvolution is possible.
During the final C–A–S–H workshop held at Empa in Dübendorf, Switzerland on May 5th and
6th 2014, it became obvious that renewed collaborative efforts can go a long way in sharing
128
8.5. Perspectives
expertise for the numerous techniques and converging towards a better knowledge of the
C–A–S–H phase. This should be emphasised for the research in cement chemistry which
has become extremely multidisciplinary over the last decades with new and better materials
characterisation methods.
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A Data on blended pastes containing
metakaolin
Three series of samples were prepared with water:binder ratio of 0.4 and hydrated for 90 days.
There were two model cement systems based on alite and metakaolin. One series was prepared
with alite and metakaolin (MC-MK) while a second also contained aluminate and gypsum
(MC*-MK). A series with cement and metakaolin was also prepared (PC-MK). Some gypsum
was added to the cement-metakaolin mixes to try and properly sulphate the mix and limit the
reaction of aluminate during the first hours.
Results were complicated to interpret because the high possible amount of aluminium in
solution. This was caused by the reaction of metakaolin which favours the formation not only
of C–A–S–H but monosulfoaluminate and more crystalline “CASH” phases such as strätlingite.
This was observed in a previous project [91] where intermixing of phases seem to occur
between unreacted metakaolin, strätlingite, monosulfoaluminate and the elusive C–A–S–H
phase at the lowest values for Al:Ca. It was reasonably estimated at the “least intermixed” edge
of all the points. The same procedure was applied here by using the appropriate values from
the fitted distributions as it will shown in the two main situations. Contrary to bedore, the Al:Si
was determined by taking (Al:Ca*):(Si:Ca*).
A.1 Microstructure development
At the scale of the observations which can be made by SEM on polished sections, it is clear
that the substitution of cement by metakaolin has a big impact on the microstructure of the
paste. The overall reaction of the anhydrous grains for 90 days of hydration was qualitatively
lower than in pure systems and silica fume systems.
In cement-metakaolin blends shown in Figures A.1 (a)- (b) and (c)- (d) − for replacements of
20% and 40% respectively − the outer regions is filled with unreacted metakaolin particles and
C–A–S–H and show a strong or complete consumption of CH. The inner product C–A–S–H
regions have formed around the clinker grains. The outer region has a somewhat “messy”
appearance but on a very small scale. In Figures A.1 (e)- (f) the outer region has a coarser
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appearance with what seems to be platelet-shaped phases which prevented the formation
of inner product C–A–S–H. The grain on the bottom-right of Figure A.1 (f) is clearly devoid of
inner product C–A–S–H. Few regions of apparent inner product where analysed but where not
C–A–S–H, as further suggested in Figures A.9 (a)- (b).
Alite blends with metakaolin not containing C3A and gypsum took a few days to a week to form
a cohesive paste. The longest time a paste took to set was with no alkali and low temperature.
When C3A and gypsum were part of the formulated mix, the paste could set in less than
a day like the cement blends. In alite blends shown in Figures A.2 (a)- (b) and (c)- (d), we
observe a similar microstructure. The outer product region is “messy”, and inner product
regions have formed. While the blend in Figures A.2 (a)- (b) contained no C3A and gypsum,
the blend in Figures A.2 (c)- (d) contained both C3A and gypsum. C3A did not completely
react. Figures A.2 (e)- (f) show the same blend but hydrated at higher temperature. The outer-
product region is very heterogeneous and was composed mainly of monosulfoaluminate and
strätlingite.
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(a) (b)
(c) (d)
(e) (f)
Figure A.1: SEM images of the cement-metakaolin blends. (a)- (b) PC-20MK T10.
(c)- (d) PC-40MK T20. (e)- (f) PC-20MK T38.
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(a) (b)
(c) (d)
(e) (f)
Figure A.2: SEM images of the alite-metakaolin blends. (a)- (b) MC-MK T20 with
no alkali. (c)- (d) MC*-MK T20 0.5 M KOH. (e)- (f) MC*-MK T38 0.5 M KOH.
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A.2 Morphology of the C–A–S–H
There appears to be a change in morphology in blends with metakaolin compared to the
systems with only OPC or alite. In Figure A.3, the microstructure of the PC-20MK T20 ce-
ment blend is very heterogeneous and shows the presence of unreacted metakaolin particles
(see Figure A.4 for a map which illustrates this), regions with somewhat fibrillar C–A–S–H
which grew outwards from a small surface, and a fine-scale foil-like morphology in the Op
regions. SEM-EDS analyses suggested that C–A–S–H was intimately mixed with AFm phases.
STEM-EDS suggests the same thing. The Al:Si was very high, often ≈ 0.35-0.40 regardless of
the size of the chosen area for quantification.
In the alite-metakaolin blend (sample MC*-MK T20 0.1 M KOH, Figure A.5), things are less
clear in terms of morphology. It appears somewhat fibrillar or somewhat foil-like. The quan-
tification by EDS gave a Ca*:Si in analysed areas ranging ≈ 1.00-1.20 and an Al:Si ratio of
≈ 0.45-0.90. Areas of strätlingite were found (Figure A.6) but did not stand out morphologi-
cally. Strätlingite appears to not form in well defined regions of the microstructure unlike in
synthetic preparations (Figure A.7) where platelets of strätlingite were observed to form in
between packets of foil-like C–A–S–H.
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Figure A.3: BF STEM image of the PC-20MK T20 blend.
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Figure A.4: Raw compositional map of the PC-20MK T20 blend. Pixels were averaged over the
3 neighbouring pixels.
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Figure A.5: BF STEM image of the MC*-MK T20 0.1 M KOH blend.
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Figure A.6: (Top) BF image and (bottom) map of the MC*-MK T20 0.1 M KOH blend in a
strätlingite region. Pixels were averaged over the 3 neighbouring pixels.
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Figure A.7: Synthetic C–A–S–H containing strätlingite. The aimed ratios were Ca:Si = 1.00,
Al:Si = 0.20. Strätlingite formed in distinctive platelets which were very sensitive to the electron
beam.
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A.3 Estimated composition
Even when analyses of inner and outer product regions where possible, the degree of in-
termixing was very high in all systems. Two examples where STEM-EDS was carried out in
complement to SEM-EDS show that an estimation of the “least-intermixed” C–A–S–H can
be obtained for alite blends by taking the average of the inner product points by SEM (Fig-
ures A.8 (a)- (b)) or the higher Si:Ca* values (Figures A.8 (c)- (d)) depending on the system
studied.
Examples from Figure A.9 show that strätlingite is highly intermixed in SEM-EDS analyses and
that points for C–A–S–H are too few to estimate the composition with any confidence.
(a) (b)
(c) (d)
Figure A.8: (a)- (b) MC*-MK T20 0.1 M KOH. (c)- (d) PC-20MK T20.
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(a) (b)
(c) (d)
Figure A.9: (a)- (b) PC-20MK T38. (c)- (d) PC-40MK T20.
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A.4 Comments
It is unclear to what extent we are dealing with extremely fine-scale formation of both C–A–S–H
and strätlingite or whether there could exist a solid-solution between both phases because of
the highly constrained nature of pastes with low water:binder ratio.
As mentioned at the end of the general discussion (p. 124), the values for Al:Si are very high
considering the structure for C–A–S–H and the experimental results by NMR. The high values
are not necessarily an overestimation from the STEM-EDS. Also, the morphology is somewhat
fibrillar or somewhat foil-like and is not as well defined as in the synthetic sample observed in
Figure A.7.
The overall decrease in Ca*:Si is less than the silica fume blends (see Figure 7.2, p. 120) and
could partly explain why the fibrillar or foil-like morphology is not as well defined. Also, the
thinner inner product regions seen in SEM could suggest that the high amount of aluminate
in the system can somehow strongly hinder the dissolution of the silicate phases.
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